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INTRODUCTION 
Soil erosion control by chemiccil mulches has been intensively 
studied on surface soil materials both in Iowa and other states. 
However, the effect of the chemical mulches has not been intensively 
studied on subsurface materiaJLs which axe commonly exposed auLong 
newly constructed highway slopes. Past studies along Iowa highway 
slopes have dealt mainly with plauit residue mulch materials or 
synthetic substitutes. Soil erosion before revegetation along the 
primary road system in Iowa is presently controlled with a straw 
mulch. The straw mulch, mechanicaully tied into the soil, success­
fully controls erosion, but straw is often hcird to find and camnot 
be used along many county road systems where the slopes axe too 
steep for the necessary equipment. Therefore a reseaorch project 
was initiated to study the effectiveness of chemical soil stabilizers 
in controlling soil loss aJLong the county road systems before vegeta­
tion is established. This study is a paxt of the overaJ.1 research 
project and is both a laboratory and field study of chemicaJL 
stabilizers which have performed well in previous studies. 
The laboratory phase of the study has a rainfall-simulation atnd 
wet sieve auiailysis of several, subsoil materials. The laboratory phase 
provided a controlled environment for the study of the chemiceuls, was 
based on the effect of water energy on the surfaces of subsoil clods 
and was developed according to the following objectives: 
1. To determine the effectiveness of three nonionic chemical 
polymers for stabilizing subsurface clods against rainfall 
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energy and loss of cohesion due to wetting of the clods. 
2. To investigate the effect of clay aind clod porosity on 
the ability of the chemical soil stabilizers to control 
soil erosion and surface crusting on representative sub­
soil materiails. 
3. To relate rainfall-simulator results to wet sieve results 
aoid test if wet clod stability can be used to predict the 
effectiveness of the chemical soil stabilizers in prevent­
ing soil erosion. 
4. To make predictions and recommendations for the use of chem­
ical stabilizers on a large scale from rainfaJLl-simulation 
results on the materials used in this study and informa­
tion contained in published soil survey reports-
The field experimental phase of the study was included to 
relate laboratory parameters to field conditions. Both the wet 
sieve and rainfall-simulator results were compared to the field 
response to the chemical, stabilizers. 
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LITERATURE REVIEW 
In the first section of the review, the soil erosion process 
is defined and the importance of various soil properties as they 
affect this process are discussed. The second section contains a 
discussion of the development of the chemical mulches, their effec­
tiveness , and the modes of action of the two mulches used in this 
study. 
The Soil Erosion Process 
Soil erosion is a process of detachment sind transportation of 
soil materials (Ellison, 1947b; Ekern, 1950; Mihara, 1951; Smith 
amd Wischmeier, 1957) with rain drops the main cause of detachment 
in the case of water erosion, and surface runoff the transportation 
medium. Raindrop impact can aLLso act as a transport agent (Mihaira, 
1951) on a micro-scale with over 3 times as much transport down-
slope than upslope (Ellison, 1945). Soil is also detached by 
turbulent flow (Wischmeier and Smith, 1958) amd by abraisive materiaJ-s 
in the water. Osbom (1954) showed that detachment was greatest when 
the surface was covered with water, indicating turbulence caused by 
raindrop impact was a major factor in detachment. Mihaira (1951) and 
Ekem (1950) concluded impulse of raindrops is the main cause of 
sheet erosion. Mutchler (1967) showed that splash material reaches 
a maximum when the surface-water depth was about 2 mm and concluded 
that little differences in splsish occurs when the surface depth was 
greater than one third the drop diameter. %is is consistent with 
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the conclusion of Osbom that detachment was greatest when the 
surface was covered with water. 
Ellison (1947a) demonstrated that clear water applied as 
runoff caused no soil erosion since there was no means for detach­
ing the soil particles. When an abrasive material was added to 
the surface flow, erosion resulted because runoff waters now had 
a detachment potential. He aJLso showed traoisport ability of surface 
flow was a function of the amount of suspended material in the 
water. With too much abrasive materiail in the flow, transport 
again was eliminated because the water was saturated with abrasive 
material. Duley and Miller (1923) showed that sand was the major 
component in runoff waters from bare soils. This indicates that 
on bare soils abrasive material can be expected in the runoff water. 
Ellison (1947a) listed 4 types of erosion damage from rainfall: 
(1) soil puddling and surface sealing; (2) soil elutriation whereby 
orgcinic matter and nutrients aire released in the splash process and 
carried off the field; (3) sheet erosion; (4) rill amd gully erosion 
Horton (1939) similarly listed 3 effects: (1) breakdown of crumb 
structure; (2) packing or puddling of the surface; (3) swelling of 
colloids which decreased effective pore diameter. 
The phenomena of surface seal was first demonstrated by 
Lowdermilk (1930) by applying both clear smd muddy water to soil 
columns. The percolation rate for muddy water fell to a tenth of 
a percent of the rate for clear water within 6 hours. A fine 
textured layer formed at the surface demonstrating the sealing 
5 
process which may occur with rain. Similar demonstrations in field 
plots were made by Hendrickson (1934) , Duley and Kelly (1939) and 
Musgrave and Free (1937). Hendrickson showed that length of time 
for water to infiltrate to a depth of 10 cm was 3 times longer for 
silty water and 8 times longer for clay when compaired to the clear 
water treatment. Ke concluded that fine material increased runoff 
and erosion losses enormously because the clay blcinketed the surface 
and checked normal infiltration. Duley (1939) showed that the rapid 
reduction in infiltration capacity was related to a thin, compact 
layer (seal) caused by raindrop action and the sorting action of 
flowing water. 
The process of surface sealing is one of the most importzmt 
factors in the erosion process (Duley and Kelly, 1939, amd Ellison, 
1945) since it is the first process that takes place and it occurs 
within the first 2 to 3 minutes of rainfall on a bare soil surface. 
Duley and Kelly (1939) concluded that the surface crust was far more 
important than differences in soil type, degree of slope, previous 
moisture content, or rate of rainfall on the intake of water. 
Ellison (1945) showed that amounts of fines cairried into the pores 
depends on their concentration in surface water and infiltration 
rates. He also showed that changes in drop velocity, drop size, 
and rainfcill intensity affected seail development. 
Ekem (1950) found that aai impacting raindrop transported or 
detached fine sand in the lairgest quantities whereas smsuller 
particles were compacted resulting in a surface seail. Miha%a (1951) 
estimated that about one third of raindrop energy was used in 
splash while the other two thirds in compaction thus causing an 
impermeable layer or crust. Ekern (1950) found that the amount of 
fine sand trsuisported by drop impact was directly proportional to 
the total mass of water supplied aind to a factor representing the 
energy per unit area supplied by the drop. Ellison and Slater (1945) 
showed that duration of rainfall, amount of soil caxried by the 
raindrop splash, soil aggregation, and percent clay were the prin­
ciple factors which effect surface seal or infiltration capacity. 
They stated that clay and aggregation must be considered together 
since soils of the same clay content may have different infiltration 
rates due to differences in aggregation. 
Moldenhauer emd Koswara (1968) worked with clods ranging from 
8-30 mm in size and found that the amount of splash material was 
greater than wash material and both were in greater quantities than 
material fozrming the seal. They showed total wash increased with 
atn increase in clod size from 8 mm to 30 mm, but showed less total 
runoff with laorger clods. They concluded that as size of clod is 
decreased pores were filled faster thus reducing wash material, but 
they could not say whether wash or splash was most important in 
rill erosion. 
Mclntyre (1958a) showed that a crust or seal consisted of two 
distinct paorts: (1) a skin seal about 0.1 mm thick which was 
apparently formed by compaction due to raindrop impact; and (2) a 
"washed in" region of decreased porosity (plugged pores). 
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L^mos aind Lu"tz (1957) found that the bulk density of crusts 
was significantly higher than that of the soil beneath the crusts, 
demonstrating the effect of plugged surface pores. Cames (1934) 
found crusts formed in depressional areas to be harder (greater 
modulus of rupture) due to a higher clay content. Lemos and Lutz 
found the hardness of the crust to be a result of complex physical 
and physical-chemical processes. Their data were variable indicat­
ing in some instances that silt was the outstamding chairacteristic 
influencing hardness, while in others silt+clay or s ilt+clay+very 
fine sand were closely related to modulus of rupture. Tackett and 
Pearson (1965) found increasing silt to 22.6 percent caused a shairp 
rise in crust strength and a further 5 percent .increase in clay 
nearly doubled the strength of the surface czmst of a sand material.. 
They ailso found that the crusts of B horizon matericJ. formed by 
simulated rainfall had a thin bamd of very well oriented clay similaur 
to a clay skin. The cdaorse grains in this crust were close packed 
and no voids were detected in the crust. 
Mclntyre (1958b) provided a good suTTunary of surface seal forma­
tion by describing 4 processes that take place during rainfaJ.1. 
They are; (1) rapid wetting of the surface which causes low cohe­
sion thus high splash rates; (2) formation of a crust on the surface 
which decreases splash rates and causes water to accumulate; (3)re­
moval of paort of the crust by turbulence in this accumulated water, 
increasing permeability of the surface; amd (4) percolation ôf 
8 
sufficient water to cause dissipation of drop energy on the soil 
surface and a rebuilding of the broken seal. 
Soil Properties Affecting Infiltration 
It was shown in the previous section that infiltration capacity 
decreases with rainfaJ.1 due to a surface seail. Edwards and Larson 
(1969) estimated that after two hours infiltration was reduced as 
much as 50 percent by surface sealing. The suction gradient through 
the surface seal increased with decreasing conductivity of the seal. 
Tackett and Pearson (1965) found permeability was 5 times greater 
in the soil underlying the crusts. Mclntyre (1958a) measured an 
-7 / infiltration rate of 5x10 cm/sec for his "skin" portion aiid 
^ cm/sec for his "washed in" portion of the se ail. This demon­
strates that the infiltration rate of the underlying soil is unim­
portant unless surface sealing can be prevented and corresponds to 
findings of Peele et al. (1945). 
Infiltration velocity also decreases with time due to an over­
all decrease in hydraulic gradient as the soil wets (Moldenhauer 
et al., 1960). 
Edwards (1967) found infiltration rates were higher under dry 
conditions because of a larger suction force. They also report de- ' 
creased saturated conductivity and increased bulk density with 
length of simulated rain and formation of surface crusts. Peele 
et aJL. (1945) also demonstrated that infiltration rates were higher 
under initiailly dry conditions than under initially wet conditions. 
They found that the clay loean soil studied had greater infiltration 
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thajQ the sandy loam soil with the dry run but the sandy soil had 
the greater infiltration rate with the wet run. They attributed 
this to better aggregation for the clay loams under dry conditions, 
but the aggregates broke down when wetted. The authors found no 
correlation between percolation rates of B horizons amd runoff be­
cause infiltration capacities of the surface were much lower than 
percolation rates of the subsoil. 
Many factors affect infiltration rates; Musgrave amd Free (1936) 
found that percent porosity was one of the most dominant factors. 
In a latter paper. Free et al. (1940), showed significant correla­
tions between total porosity and infiltration which was attributed 
to the highly significant correlation between total porosity and 
noncapillairy porosity. In soils of "high aggregation" they found 
that pore size, other properties equsul, would be Isurger than in a 
nonaggregated soil with single grain structure. Infiltration was 
not correlated with aggregation in subsoils but was in surface 
soils. They silso found an increase in orgaoiic matter in the surface 
and subsurface soils correlated with a lairger infiltration capacity, 
but silt amd clay was correlated to infiltration only in the subsoils. 
An increase in percentage of smaJLler psurticle size resulted in de­
creased infiltration. The positive correlation between pore space 
aoid infiltration has also been demonstrated by Van Doren and 
Klingebiel (1949), Msuinering et al. (1966), Adams et aJL. (1958), 
and Burwell and Larson (1969). 
Adams et ail. (1958) worked with some representative Iowa soils 
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aaid found significant positive correlations between soil loss aind 
rainfall amount amd between initial infiltration and pore space. 
They found significant negative correlations between wash erosion 
and water stable aggregates; splash erosion and water stable ag­
gregates; bulk density sind runoff volumes; and bulk density aoid 
wash erosion. Their data indicated that stable aggregates were a 
principle factor in controlling runoff and erosion. They concluded 
that soil properties which relate to water erosion can be divided 
as follows: (1) properties that effect infiltration rate and pro­
perties which resist dispersion and erosion during rainfaull and run­
off. They reported that the volume of large pore spaces was one of 
the most important properties which affect the infiltration rate. 
Wilson and Luthin (1963) also showed the importance of porosity 
in. infiltration. They demonstrated that during infiltration more 
air flowed out of a column than water flowed in smd as water moves 
a pressure gradient develops in the air phase of the soil system 
ahead of the wetting front. They found at a constant air pressure 
only a fraction of the total number of pores were active in trans­
mitting water. Wilson and Luthin concluded that in soils with an 
impermeable layer air pressure increased to a maximum final, value 
while infiltration decreased to a limit of zero. 
Musgrave (1955) wrote a summary paper on the quantity of 
water entering the soil and made the following observations: (1) 
Differences in infiltration for various crops aare smeJLler when the 
soils approach saturation, since soils are in their maximum swollen 
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condition; and differences are smaller in cool months thaun in warm 
months. (2) Differences in ihfi1tration are correlated especially 
weJ1 with soil particle size, amount oJ' organic matter and soil 
depth. (3) Clay soils may have low water intaices when swollen but 
rather high rates when dry amd cracked. Deep sainds and soils of 
low clay content may maintain high intake rates even near the 
saturation point. (4) Soils with stable aggregates do not decline 
in intake rate so rapidly as those whose structure is less stable. 
Lutz (1934) also found that degree of flocculation and hydration of 
clays played an important part in percolation. He found that highly 
flocculated clays of low hydration had better percolation thsm clays 
of low flocculation and high hydration. Bertoni et atl. (1958) and 
Kidder et al. (1943) found lower infiltration capacities in the fall 
or during cool periods than during June and July. This corresponds 
to the study of Musgrave referred to above and to Duley and Miller 
(1923) who showed erosion to be greatest in the spring aind fall when 
infiltration is slower. 
Burwell and Larson (1969) found that rough porous surfaces 
offered more opportunity for infiltration than smooth surfaces be­
cause of increased totaJL pore space. The advantage of the roughness 
parameter, however, was overshadowed by a surface seal. Moldenhauer 
(1970) found that increased clod size increased the energy needed 
to initiate runoff, but that the larger clod size created by tillage 
practices was not enough to control runoff and erosion. Moldenhauer 
and Kemper (1969) found that degree of slope played a large part in 
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keeping infiltration rates high because with steeper slopes the 
crust material was continuously being removed. This fits with 
Mclntyre's (1958b) description of crust formation discussed in 
the previous section. Moldenhauer and Kemper (1969) found a nega­
tive correlation between clay and final intake rates. They point 
out that aggregate stability was positively related to clay content 
which indicated that increased aggregate stability may not increase 
infiltration. They found that initial infiltration rates were 
directly correlated with clod size. However, after a period of 
wetting, infiltration was slower for the coarse clods as compared 
to the finer clods. This was because the large pores below the 
lajrge fragments did not conduct water as efficiently in the un­
saturated state as do the pores formed by the smaller clods. 
Dixon and Peterson (1971) described a channel system concept 
of infiltration. They contend that a network of large soil pores 
(channels) provide a system for rapid conduction of surface water 
and for the trauisport of compressed soil air. Channel openness and 
microtopographical roughness control rate aoid flux of water, while 
cultural practices help keep channels open. They showed open 
channels had highest infiltration on rough surfaces while closed 
chemnels on flat surfaces had the lowest infiltration. The chemnels 
are produced by such factors as clay shrinkage, tillage, earthworms, 
roots, emd burrowing animals. This is in contrast to the capillaxy 
system which is composed of smaill pores within and between the soil 
clods which fill and drad.n largely by capillarity. Rates of both 
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systems axe controlled by soil surface conditions, of microtopography 
and channel openness. These itondi txons determine the degree of 
hydraulic and pneumatic continuity of the soil surface and subsoil 
chainnels thereby regulating fluid flux in the systems. The capillary 
aind channel systems function together since water from the large 
channels spreads throughout the soil matrix by capillary action. 
The authors stated the channel concept may account for some of the 
anomalies of how various soil properties relate to infiltration 
capacities. 
Articles by Hainks (1965) and O'NeaJ. (1952) provide a good 
summary for this section. Hanks listed five categories of informa­
tion that are needed to estimate infiltration. They are: (1) re­
lationship between hydraulic conductivity and water content; (2) 
relationship between soil water suction and soil water content; 
(3) water content at the soil surface at the start of infiltration 
and as infiltration proceeds; (4) depth and homogeneity of the soil 
and the presence of an imprevious layer; emd (5) water content at 
depths at the beginning of infiltration. 
O'Neal (1952) gave a means of evaluating soil permeability 
from field properties. These included the principle properties 
of soil structure and the relationship of horizontal, and vertical 
dimensions of structural components, cimoimt and direction of over­
lap of the structural units with each other, visible pores and 
texture. Secondary properties were compaction, direction of 
natural breakage, silt content, cementation, stability of clods. 
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•type of clay mineral, mottling, amd climate. He stated soil 
structure was most important of the factors listed since it 
defines the length and tortuosity of the path of infiltrating 
water. 
Summary of the Soil Erosion Process 
Erosion can be reduced by either reduction of detachment 
capacity or trainsport capacity regardless of their respective 
erosion potentials (Wischmeier, 1973). He based this statement 
on a mathematical, approach taken by Meyer and Wischmeier (1969). 
Their approach in shown in Figure 1 and consists of 4 sepairate 
but interrelated factors involved in the soil erosion process. 
They ajre: (1) detachment by rain, (2) detachment by runoff, 
(3) transport by rain, and (4) transport by runoff. The sum of 
the first 2 factors gives total detachment capacity and the sum of 
the last 2 factors gives total transport capacity. The authors 
suggested that if either transport or detachment was limiting, 
erosion would be reduced. It is evident from their model that 
reducing either detachment capacity or transport capacity to zero 
will reduce soil erosion to zero. Meyer and Wischmeier emphasized 
that studies involving soil erosion control should be related to 
this model as was first stated by Ellison (1947b). 
The control of soil erosion with chemicail stabilizers has 
to do with the reduction in detachment capacity, by "stabilizing" 
the surface clods against raindrop impact. If detachment by rauin 
drops can be reduced to neau: zero, the detachment capacity of runoff 
15 
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Figure 1. Soil erosion model (after Meyer and Wischmeier, 
1969) 
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will also be reduced since abrasive material is necessary for 
runoff to detach soil particles- Chemical stabilization will also 
directly protect against runoff detachment by stabilizing the 
surface clods against flowing water and the decrease in cohesion 
of the clods upon wetting. Chemical stabilization, however, does 
not protect against transport capacity directly, since it does not 
slow the velocity of runoff waters. Indirectly chemicail mulches 
will lower the transport capacity by maintenance of a high infiltra­
tion capacity through a reduction of surface sead. formation sind a 
reduction in runoff velocities by maintenance of a rough surface. 
Chemicail Mulches 
Chemical soil stabilization for erosion control 
Chemical soil stabilization is a relatively new phenomena with 
origins in the middle 1940's. Research with chemical soil stabili­
zers has taken two pathways—the engineering and agronomic. Davidson 
et al. (1960a) have reviewed the literature concerning soil stabili­
zation for engineering purposes. Davidson (1949) evaluated a group 
of large organic, cationic molecules as soil stabilizing agents and 
found they decreased swelling potentials, plastic index and slaking. 
The reduction in slaking was due to the waterproofing potentials of 
the organic compounds. He also showed a reduction of immersed 
cohesive strength which was an undesirable property of the compounds. 
Davidson et al. (1960b) later showed that the large organic molecules 
(Arquad 2HT is an example) had a hydrophobic (hydrocarbon) end and 
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an hydrophillic (cationic) end. The cationic end attached to the 
clay particles leaving the hydrophobic end of the molecule exposed 
which waterproofed thé soil. This reduced the cohesive strength 
since the cohesive action of water was no longer functional, at the 
surface of the clay particles. Waterproofing of the soil, although 
desirable from an engineering standpoint, is not desirable for 
agronomic purposes (Geohegsm, 1950). Waterproofing would only in­
crease the transport capacity, while reducing cohesive strength 
thus increasing the chance for soil loss. 
Adams (1966) studied the effect of dioctadecyl dimenthyl 
ammonium chloride (DDAC) silso known as Arquad 2HT on runoff, 
erosion amd soil moisture. He showed DDAC treated plots had 
greater runoff amd erosion than did the bare check plots. He 
concluded chemicals which reduce water intake are of little vaJLue 
because infiltration was decreased. 
The agronomic aspect of chemical stabilization arose from 
microbacteriologicad. studies on soil stabilization. Geohegan (1950) 
showed that polysaccarides produced by the microbial population 
in the soil had a marked aiffect on soil aggregation. He also 
found that synthetic compounds such as polyvinyl alcohol (PVA) 
emd sodium carboxymethyl cellulose improved soil stznicture. He 
made the observation that aoi increase in aggregation seemed to be 
related to the number of hydroxyl groups on the synthetic molecule 
and suggested that hydrogen bonding plays an important role in ag­
gregation by chemicails. Geohegain showed that chemicals which 
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waterproofed soils gave aggregates which were more unstable than 
hydrophillic chemicals. Waterproofing, however, did initially 
delay aggregate breakdown. Previous to Geohegan, Dutt (1947) 
worked with potassium silicate, em inorganic compound emd found 
much less crusting thatn with the control. He waimed, however, that 
it is alkaline and may cause volatilization of ammonium fertilizers. 
Hedrick and Mowry (1952) reviewed reasons why polyuronic 
salts and other related polysaccharides had not been successful 
in stabilizing the soil. They were: (1) Large amounts were needed 
for improvement of structure and the lairge quantities of cations 
added to the soil may cause haonaful osmotic effects; (2) Lcirge 
amounts of readily available organic material caused denitrification; 
(3) Rapid decomposition of polysacchairide derivatives by soil micro­
organisms rendered such mater iauls uneconomical. The authors con­
cluded polyelectrolytes (Krilium) increased aggregation much better 
than polyuronic s suits because they resisted bacterial decomposition. 
Ruehrwein and Ward (1952) studied the mechamism of action of 
anionic aoid cationic polyelectrolytes. The polycation wa^ adsorbed 
on the faces of the montmorillonite layers of clays at the cation 
exchainge sites, while polyanions were not adsorbed on the clays 
even at edge sites. Polyanions peptized the clay while the poly-
cations flocculated clay suspensions. The authors concluded that 
polyainions could be effective stabilizing agents for flocculated 
clay since they were sufficiently long to bridge the gap between 
clay particles. 
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The Monsaaito Compemy, in the early 1950's, conducted research 
on a large number of synthetic polyelectrolyte compounds. The 
most familiar compound from this era is Krilium, an hydrolyzed 
polyacrylonitrile (HPAN). 
Allison (1952) studied the effect of Krilium incorporated 
into a saline soil on infiltration rates and corn stcinds. He 
showed higher infiltration rates and full stands of corn on Kr ilium 
treated plots, while untreated plots had approximately 40 percent 
s tabids. The increased infiltration aind stcinds were mainly from a 
reduction in surface crusting. 
Weeks and Colter (1952) worked with Kr ilium and found that a 
surface applied treatment was twice as effective as the incorporated 
treatment. Martin (1953), Sherwood and Engibous (1953) and Allison 
(1956) all showed that incorporation of the Kr ilium gave best re­
sults . 
Martin (1953) studied HPAN and a modified vinyl acetate-
maleic acid (VAMA) and found VAMA was more effective than HPAN 
in stabilizing aggregates. He found more chemical was needed on 
sandier soils. Laws (1954) showed that maximum effectiveness of 
these chemicals occurred at 10 percent clay content in the soils. 
Sherwood and Engibous (1953) worked with VAMA and HPAN and showed 
increased water infiltration with both chemicals emd that upward 
water movement was accelerated in treated soils. Jamison (1954) 
worked with VAMA and HPAN, and found VAMA effectively improved 
emergence of vegetable crops by reducing surface crustdLng, while 
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HPAN repressed emergence by forming a plastic seaJ. which may have 
retarded gas exchange. He concluded that a material which was 
effective in increasing intra-aggregate strength with low inter-
aggregate strength wsis what was needed. Allison (1956) concluded 
that VAMA and HPAN both provided a high state of aggregation aind 
were equal in improving water infiltration and reducing soil 
crusting on saline soils. Allison and Moore (1956) found HPAN 
was slightly superior to VAMA in elluviating crust formation emd 
that neither polymer increased moisture retention. 
DeMent et al. (1955) studied field application of a number of 
synthetic soil stabilizers emd found surface treatments to be as 
effective as incorporated treatments which is in contrast to 
aforementioned work but in agreement with Weeks and Coulter (1952). 
They found that VAMA, HPAN, and IBMA (isobutylene and amide of 
maleic acid copolymer) were superior to carboxymethylcellulose 
compounds in the control of surface crusting. 
Blavia et atl. (1971) s. "udied the effect of VAMA, PVA, potassium 
silicate, Arquad 2HT, smd Superfloc on the stabilization of surface 
clods for three soils. They found that potassium silicate, PVA, 
VAMA, and Superfloc were significantly better them the check, and 
Superfloc was much more effective them either PVA or VAMA. An in­
crease in clay decreased the effectiveness of PVA emd Superfloc. 
They concluded that PVA, VAMA and Superfloc showed enough promise 
to weirrant further testing. Gabriels et al. (1973) also showed PVA 
emd a polyacrylamide (PAM), the active ingredient of Superfloc, were 
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effective in stabilizing soil clods against rainfaLLl energies 
commonly received in Iowa spring rains. 
Wang amd Lin (1967) found that PVA decreased dispersion ratios 
and was not effected by calcium carbonate. PVA was more effective 
than orgainic matter aind lime for stabilizing aggregates and in­
creasing hydraulic conductivities. They concluded PVA was effective 
in reducing soil erosion. 
Letey et al. (1961) showed liquid-solid contact angles in 
soil were am important factor in the study of the effectiveness of 
chemical soil stabilizers. Letey et al. (1962) showed that Krilium 
(HPAN) caused higher liquid-solid contact angles with the soil than 
the check treatment. This correlated with the observation that 
Krilixjm treated aireas were less wettable. Pelishek et al. (1962) 
found that wetting agents increased infiltration rates on hydro­
phobic soils, had little effect on hydrophillic soils, produced a 
beneficial residual effect, and were not completely leached from 
thatch, a hydrophobic materiail. Mustaifa and Letey (1969) studied 
the effect of surfactaoits (wetting agents) on aggregate stability. 
They found the treatments increased dispersion ajad decreased ag­
gregate stability on both hydrophobic and hydrophillic soils when 
applied in irrigation water. The surfactants either had no effect 
or increased stability on hydrophillic soils when they were pre-
treated but decreased aggregate stability on hydrophobic soils 
when they were pretreated. 
Osborn et aJL. (1964) discussed wettability as a factor in soil 
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erosion on an hydrophobic soil. They treated-the soil with a 
wetting agent and found treated areas had less runoff and less soil 
erosion. They found wetting agents did not increase aggregate 
stability on hydrophillic soils. 
Dowdy (1972) found that a PVA concentration of 0.5 grams per 
100 grams clay increased tensile strength of calcium saturated 
clays 2 times that of untreated clays. Strengths of sodium saturated 
clays were not as affected which was probably due to increased 
interlamellar absorption of PVA in these systems. He also found 
the higher molecular weight PVA was more effective than a lower 
molecular weight PVA. 
Many of the more effective stabilizers discussed in this sec­
tion are no longer commerciaJLly available such as HPAN aaid VAMA 
due to high costs of these materials. The polyvinyl aJ.cohols axe 
commercially available because of their use in the paper industry, 
therefore they are included in this study. Polyacrylimide (PAM, 
or Superfloc) is atlso commercially available aoid is used in this 
study. They are discussed in more detail in the following section. 
Mechanisms of action aind some properties of PVA and PAM polymers 
Emerson (1955) studied the action of organic molecules with 
soils and showed PVA polymers form both interlamellar complexes 
and peripheral complexes with montmorillonite clay minerais. This 
was in contrast to carboxylated polymers which were joined to the 
edge faces of the clay minerals (Emerson, 1956). The PVA polymer 
is non-ionic while carboxylated polymers are charged polymers. 
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Emerson (1957) proposed that PVA formed a 2-layer complex with 
montmorillonite with van der Waal bonding between the CH^ groups 
of the polymer and the clay surface and OH-0 bonding between the 
OH groups of the polymer and surface oxygens of the clay mineral. 
Emerson (1960) showed PAM formed coordination compounds with ex­
changeable calcium ions at the clay surface. This bond could be 
destroyed with strong sequestering agents such as sodium pyro­
phosphate. PVA was unaffected by this treatment which indicated 
that the PVA-clay bond was a series of hydrogen bonds between the 
hydroxyl groups of the polymer and the surface oxygens of the sili­
cate sheets. They also inferred exchsmgeable cations were not 
involved in the linkage of PVA to montmorillonite which was later 
confirmed by Emerson and Raupach (1964). Emerson and Raupach found 
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the hydroxyl spacing of the PVA molecule to be 2.52 A which was 
sufficiently close to the oxygen spacing of 2.57 A on the basal 
silicate layer for the hydroxyls of the polymer to be hydrogen 
bonded to the oxygens on the clay surface. The remainûig polymer 
segments make van der Waal s bonds with the clay surface. PVA was 
first adsorbed on external surfaces, then, with increasing concen­
tration was adsorbed on interlamellar surfaces. Emerson and 
Raupach showed the concentration of cations in the Stem layer 
affected the ability of PVA to form hydrogen bonds with the clay 
surfaces because of the greater degree of orgsmization of water 
molecules near the surface with increased cation concentration. A 
schematic of the absorption of PVA under different environments 
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is presented in Figure 2. The diagram consists of two parts, the 
first where FVA is added to the soil system before sodium chloride 
and the second where sodium chloride is added before PVA. In the 
first part PVA attaches to the rsmdomly oriented clay surfaces and 
the addition of sodium chloride orients the clay particles with the 
linkage of the polymer completed upon drying. In the second part 
of the diagram the sodium chloride orients the clay particles first 
and the polymer cannot fit between the layers to attach firmly to 
the clay surfaces. Drying this system will only give loose linkage 
and a reduced bond strength. 
Greenland (1963) discussed the adsorption of PVA by mont-
morillonite. He concluded from his adsorption data that the polymer 
existed in a solution as random coils that collapsed at the clay 
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surface to form a layer about 10 A thick. He proposed that the 
adsorption process could be likened to the spreading of a "coat of 
paint" over the adjacent surfaces of aggregated clay particles. 
The polymer also stabilized the soil aggregates by lining the pores. 
Greenland (1972) in a review paper suggested that PVA polymers may 
not have the direct OH-H bonding with clay which was suggested by 
Emerson and Raupach (1964) but that bonding may be facilitated by 
an interaction with exchangeable cations. 
Williams et al. (1966) found PVA adsorption to be irreversible 
due to the number of polymer-particle contacts per molecule. They 
also concluded that size of soil pores was the principle factor 
affecting adsorption of PVA aJLong the pores. The PVA penetration 
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A. Na-MONTMORILLONITE 
B. LOOSE POLYMER-CLAY BCHIDS 
C. NaCl + POLYMER + CLAY 
D. DRIED NaCl + POLYMER + CLAY 
E. NaCl + Na-MONTM(»ILLONITE 
F. PVA + NaCl + CLAY 
G. miED PVA + NaCl + CLAY 
•CLAY 
POLYMER 
Figure 2. The effect of NaCl on PVA-clay bonds (after 
Emerson and Raupach, 1964) 
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was aided by a water potential gradient indicating there was an 
optimum potential gradient for PVA penetration. Williams et al. 
(1967a, 1967b, eind 1968) in a series of papers discussed the effec 
of PVA on tensile strength, structure and water stability of soil 
aggregates. They found that soil cores containing PVA had higher 
tensile strength than untreated cores, but that the polymer films 
lost strength with hydration. The PVA polymer diffused into soil 
aggregates most readily along larger pores and became attached to 
soil particles. The polymer then decreased the effective pore 
volume and even blocked smaller pores. Clods were stabilized to a 
greater extend with longer chain polymers since there was an in­
creased probability for more soil-polymer linkages per unit weight 
of the longer chained polymer. They found little increase in 
effectiveness with the addition of more than 1 to 1.5 percent of 
polymer by weight to the soil. 
Kijne (1967) studied the effect of soil stabilizers on in­
filtration and water movement in soils. He showed that PVA treat­
ments decreased the liquid-solid contact angle more than Krilium 
and had greater infiltration than either the Krilium or control 
samples. The author concluded that PVA functioned by lining the 
soil pores. 
The following points are made in summary of the PVA and 
PAN polymers. 
1. Clay is needed in the soil system for the polymer 
to function, but a greater concentration of the polymers 
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may be needed in high clay soils. 
2. The polymers may function in sandy soils but stabiliza­
tion would be by the weaker van der Waal forces. 
3. The polymer effectiveness is also controlled by the 
porosity of the soil system. 
4. The polymers may increase the infiltration capacity of 
some soils by reducing the liquid-solid contact angle. 
The polymers may effectively decrease the liquid-solid contact 
angle in soils thus "increasing" infiltration capacity. This is 
believed to be a very minor advantage of the stabilizers in the 
hydrophillic Iowa soils. The stabilizers' main function is the 
prevention of surface seed, formation by increasing the cohesive 
strength of the surface clods. 
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MATERIALS AND METHODS 
Soils 
The soils used in the laboratory phase of this study are de­
scribed inthis section. A description of the soils at the field 
experiment sites is included in the field esqjeriment section. 
Soils for the laboratory phase were chosen on the basis of 
their extent in Iowa and their clay content with other properties 
held as constant as possible. Soils differing in percent clay were 
selected in order to study the effect of clay on the effectiveness 
of chemical stabilizers. All soils studied are from subsurface 
horizons. 
Four loess soils are included in the study, 2 soils from the 
Marshall soil association in Ida County, a Sharpsburg B horizon 
from Madison County (Shelby-Shairpsburg-Macksburg soil association), 
emd a Belinda B horizon from Van Buren County (Adair-Seymour-Edina 
soil association). The locations of the sample sites are shown 
in Figure 3 cind given in Table 1. The clods from Ida County are 
from the Marshall subsoil, one is leached of caorbonates while the 
other has both disseminated carbonates auid carbonate concretions. 
These soils were chosen because of their relatively low clay aaid 
high silt contents (Table 2). They are representative of most 
subsoil materiauls in the Marshall and Ida-Monona-Hamburg soil asso­
ciations. The Shcirpsburg B and Belinda B horizons were sampled to 
give intermediate and high clay contents, ,respectively (Table 2). 
The Belinda soil, however, has a lower pH than the other loess soils. 
Figure 3. Soil Associations, soil ssunpling sites, and field 
experimental sites 
E = field experiment site 
S = sampling site 
jflirmn 0<CKlHAOè4 HOVAfO 
CLC'\ 
HlTCHCLi: 
0*aRICN SIOUX rAtO ALTO 




M9on I awEiBY 
MIH 






B : Soils of Miss. River bollomland IKlGfadatlonol 6oundory Tenlallve Bounder/»—Abrupt Boundary 
AGH; Adoir-Grundy-Holr F : Fayette M Moriholl 
ASE; Adotr Seymour Edlno FDS: . Foyette Dubuque Stonylond MIH: Monona Ida-Hamburg 
CKl: Cllnton-Keswick-Llndley GPS: Galva-Prlmghar-Sac Mo: Moody 
CIC: Creico-Lourdes-Clyde OH: Grundy Holg OMT; Otley-Mahaska-Talntor 
CNW: Clorlon Nicollet Webiler KFC: Kenyon Floyd-Clyde SSM: Shelby-Sborpiburg-Macktburg 
b: Down* LKW: lindley-Keswick-Weller TM: Tama-Mu$coltne 
DT: Dlnidole Tamo LOS; luton-Onawa-Soilx 
31 
Table 1. Location of soil sampling sites 








16 meters east of SW corner Sec. 25, 
T86N, R41W. 
Sharpsburg 
B horizon 0.6 SE corner SV% Sec. 12, T77N, R25W. 
Belinda B 
horizon 0.6 
91 meters N, 91 meters E of SW 
corner SW%, Sec. 33, T69N, RllW. 
Cary Till 2.7 260 meters E of SW corner Sec. 29, 
T87N, R26W. 
Kansan Till 5.0 middle Sec. 10, T74N, R29W. 
In addition to the 4 loess soils the Kansan and Gary till 
materials were also sampled. The Kainsain till was sampled in Madison 
County (Figure 3, Table 1) while the Gary till was sampled in 
Hamilton County (Figure 3, Table 1). Both the loess and till soil 
materials were sampled from cut-sections along newly constructed 
Feorm-to-Market roads. 
Table 2. Physical properties of soil clods 




Leached loess 24.0 42.9 30.8 2.3 1.41 47 6.1 
Sharpsburg B 
horizon 33.G 33.1 32.1 1.5 1.36 49 6.3 
Belinda B 
horizon 47.0 20.4 32.0 0.7 1.55 42 5.2 
Cary till 25.7 15.2 21.5 37.6 1.60 40 7.5 
Kansan till 31.8 34.8 19.9 13.5 1.67 37 7.4 
Unleached loess 15.5 51.9 29.6 3.2 1.30 51 7.6 
^Cosi = coarse silt. 
^P'isi = fine silt. 
'^Apparent porosity is calculated from the relationship 1 - apparent density divided 
by particle density. 
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Stabilizers 
The two chemical stabilizers used in this study were chosen 
because as discussed in the literature review section, other studies 
indicated they were the best available, aoid because their performance 
in recent studies atlong the secondary road systems was the best of 
any of the materials tested (Mausbach et al., 1972). 
The PVA polymer lends itself easily to chemical cross-linking 
aoid exists in many moleculax weights. Therefore three vaxiaints of 
the polymer are studied, a commercially available PVA (Elvanol^ 
71-30), a cross-linked PVA (MGS-120), and another commercially 
available PVA (Elvanol 72-60). MGS-120 is a speciality grade of 
PVA and offers increased tensile strength when compared to the 
regular PVA's. The Elvaoiol 72-60 polymer is a higher molecular 
weight (longer chained polymer) thsin the Elvanol 71-30 polymer. All 
three PVA products are solids which axe soluble in hot water. The 
water must be heated to 95°C until all the polymer is in solution 
and maintained at that temperature for 30 minutes to complete the 
solution. After the polymer is in solution it will not recrystallize 
in cold water if the concentration of the PVA solution is 8 percent 
or less. The MGS-120 solution is cross-linked with concentrated 
aqueous ammonia by adjusting the pH of a 4 percent solution to 10. 
Other properties of the three PVA polymers axe given in Table 3. 
is a trade-name of PVA's manufactured by Dupont. 
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Table 3. Properties of the chemicail stabilizers 
Stabilizer Moleculair wt. Viscosity 4 % sol. pH 
PVA (71-30) 114,000 28-32 5-7 
PVA (72-60) 134,000 55-65 5-7 
MGS-120 unknown unknown unknown 
PAM 150,000 
The polyacrylamide (RAM) polymer is included in the study 
because it has been effective in stabilizing soil clods in pre­
vious studies (Blavia et al., 1971, and Gabriels et al., 1973). 
The PAM product was obtained from Cosden Chemical Compainy, Big 
Spring, Texas, as an 8 percent solution. The 8 percent solution 
is diluted to 2 percent amd the pH adjusted to between 7 and 10 
with a concentrated solution containing equal parts by weight of 
sodium carbonate ajid sodium bicarbonate. After adjusting the pH 
of the 2 percent PAM solution, the cross-linking agent is added 




The soil samples for laboratory analysis were collected ac­
cording to a procedure outlined by Moldenhauer (1965). The soils 
were collected in the fall because time of year makes a difference 
in clod stability^ and comparisons were to be made with previous 
work. The soils were sampled approximately 48 hours after a rain 
to insure that soil moisture was near field capacity. The clods 
were broken to pass a sieve with 22 mm openings and those clods 
retained on a sieve with 12 mm openings were saved. Peds from 
the B horizons were broken along natural planes of weakness and 
are considered natural peds. Material from C horizons or till 
materials were broken to pass the 22 mm sieve openings and are 
considered formed clods amd resemble those clods resulting from 
cultivation practices. 
The sized clods were transferred to the laboratory and air-
dried. Air-dried clods were resièved, bagged in plastic bags and 
stored. 
Rain-simulator studies 
The Adams et al. (1957) portable rainfall-simulator was used 
and modified as shown in Figure 4. Instead of a one meter height 
of faill, the simulator was modified to give a 2.5 meter fall for 
the rain drops. The drop diameter was cailibrated at 5 mm by 
C. Moldenhauer, 1972, Personal communication. 
i 
Figure 4. Modified Adams rainfaJ-l-simulator 
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Moldenhauer and Kemper (1969). Raindrop energy was calculated 
from data by Laws (1941) on raindrop velocities. A velocity for 
a 5 mm drop at the end of a 2.5 m fail is 6.33 m/sec (Laws, 1941), 
Energy can then be calculated using the relationship E=%mv , where 
"E" is energy in Joules, "m" is mass in kilograms, and "v" is velo­
city in m/sec. The mass is calculated on the basis that a cubic 
centimeter has a one-gram mass. 
The rainfall rate was determined by the height of head over 
the drop formers. This head was maintained with a constant head 
device placed on a laboratory jack for easy adjustment. The rate 
was maintained between 10 to 12 cm/hr for an hour. The rate was 
constant for each experimental run, but vaoried with runs, there­
fore, compaxisons between experimental runs aore made on an energy 
basis. 
The rainfall-simulator was further modified by the construction 
of special, pans to hold the soil material to be tested. The pans were 
10 cm squaire emd 11 cm deep (Figure 4). A lip was constructed to 
facilitate the collection of runoff water and soil loss. A splash 
shield was placed on top of the pans to protect against soil and 
water loss from splash. The pans were tilted to a 9 percent slope. 
Eîqseriments conducted with the Adams rainfall-simulator as 
modified were made as follows: 
1. Pans were filled with approximately 10 cm sand to aJLlow 
for free subsurface drainage. 
2. Four cm of clods were placed on top of the sand and 
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flush with the lip of the pern. (Soil was sometimes 
placed above the lip if appreciable settlement occurred 
during the experimental run.) 
3. The soil was treated in the pams with chemical stabilizers 
by using a paint sprayer and spraying the desired amount 
on the clod surface. 
4. The treated clods were allowed to dry overnight before 
the rain treatment. 
5. The treated clods were given an hour of simulated rain 
at an intensity of 10 to 12 cm/hr. 
6. Runoff and sediment were collected at 5 minute intervals 
after runoff began. 
7. All treatments were duplicated with duplicates made on 
the same day. 
The runoff volumes were measured with a graduated cylinder and soil 
loss measurements were made by weighing the dried samples. Results 
are reported on the energy basis as follows: energy to runoff (ENIOR), 
energy to 6.5 cm/hr infiltration capacity (ENT065) and soil loss 
after 0.15 joules energy (ST015). 
Rates of 112, 224 and 336, kg/ha (100, 200 and 300 Ibs/ac, 
respectively) of each chemical were used and coded as 1, 2 and 3, 
respectively. These rates were chosen on the basis of materiails emd 
application costs. Rate 3 represents the cost limit for atll three 
chemicads. Rate 1 was applied as a 1 percent solution, rates 2 and 
3 as 2 percent solutions. Rate 3 was applied with haJLf again as much 
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liquid volume as either rates 1 or 2 in order to get the required 
amount of material applied. The rates were applied in this maoïne:-
to keep the solution applied per hectare at 100 hectoliters for 
rates 1 and 2 and 150 hectoliters for rate 3. One hundred hl/ha 
is a reasonable volume for general field application of the 
stabilizers. Amount of solution and concentration of the polymer 
solution may influence the effectiveness of each rate in stabiliz­
ing the clods. This is discussed in greater detail in the discussion 
section. 
The rainfall-simulator experiment is a split-split plot design 
with the main- aaid sub-plots unreplicated and the sub-sub-plots 
replicated twice. Soils are main-plots, polymers are sub-plots, 
and rates are sub-sub-plots. 
Results from the modified Adams rainfall-simulator were com­
pared to those from the rainfall-simulator of Moldenhauer and Long 
(1964). The compaarisons were made on leached loess smd Sharpsburg 
B horizon materials and are presented in Appendix A. The two 
methods give sufficiently similar results for ENTOR and infiltra­
tion at 0.15 joules energy but ST015 is much higher with the Adams 
rainfall-simulator. 
Aggregate stability analysis 
Aggregate stability was determined according to the method 
of Kemper (1965) except that a machine which oscillates 30 cycles 
per minute rather than 42 cycles was used. The soil clods were wet 
directly and under a vacuum. The direct-wetting method was used to 
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simulate rapid wetting and to obtain the effect of entrapped air. 
Rapid wetting has been shown to be am important factor in surface 
crust" formation aind sheet erosion (Kemper, 1965). Vacuum-wetting 
was used to simulate, wetting of clods slowly under a tension with 
an absence of entrapped air. This is the type of wetting that 
usuaJLly occurs in field conditions (Kemper, 1965). 
The procedure for determining aggregate stability was to 
place 30 grams of air-dried, 12 to 22 mm clods on a number 4 sieve 
stacked on a number 10 sieve. The clods were then placed directly 
into the sieving machine, allowed to wet for 10 minutes and sieved 
in distilled water for 10 minutes for the direct-wetting procedure. 
For the vacuum-wet procedure the clods on the sieves were placed in 
a pressure cooker and evacuated for 15 minutes, then wet from the 
bottom. The wetted clods were transferred to the sieving machine 
cind oscillated for 10 minutes. Clods retained on each sieve after 
oscillation were washed into moisture cans, dried, and weighed. 
Results are reported on a percentage basis as follows: 
100 (weight of clods on #4 sieve) AS4 = ' , ' 
dry wt. of sample 
^220 = (weight of clods on #4 and #10 sieves) 
dry wt. of sample 
where AS stands for aggregate stability. 
Clods for this experiment were treated by placing 25 grams of 
dry clods on a screen and spraying them with the desired treatment 
and rate. The rates were applied as discussed in the rainfall-
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Simulator section. The experimental design for this experiment 
was a split-split-plot with main-plots and sub-plots unreplicated. 
Main- and sub-plots were soils and polymers, respectively, and 
sub-sub-plots were rates. Rates were replicated three times with 
all three rates in each replicate. 
Methods for other physical determinations 
Apparent density of the clods was determined by the kerosene 
immersion method of McIntyre and Stirk (1954). Duplicate determina­
tions were made for each soil. 
Soil pH values were measured by placing 10 grams of soil ground 
to pass a 60 mesh sieve in a 50 ml beaker. Ten mis of water were 
added to the soil and the mixture was stirred occasionally for 30 
minutes. The suspension was allowed to stand for an hour before 
reading the pH. The pH determinations were duplicated. 
Mechanical analysis determinations were made by the Soil Survey 
Laboratory at Iowa State University. 
Field Experiments 
The Ida County experiment was started in the fall of 1972. 
The experimental area is located in the thick loess deposits of 
western Iowa (Figure 3). The ejqperimental plots were on newly 
constructed, north-facing, cut-slopes along Ida County road D-54 
between sections 25 and 36, T86N, R41W. These cut-slopes averaged 
23 m in length and expose oxidized-leached loess, oxidized-unleached 





Thfe treatments were randomly assessed to cut-slope areas in 
plots approximately 15 m by 23 m. Four treatments, control, PVA 
(224 kg/ha), conwed (1700 kg/ha), and conwed + Aerospray-70^ (1700 
kg + 12 hl/ha, respectively) were included in this experiment. The 
conwed material is a wood fiber mulch, and Aerospray-70 is a poly­
vinyl acetate chemical stabilizer used in this e3q>erijnent to tack 
the conwed mulch in place. The plots are distributed in a completely 
random design. The plot aireas were fertilized and seeded at rates 
recommended by the State Highway Commission. The seed, fertilizer, 
and mulch materials were all applied in a slurry with an hydraulic 
seeder. 
The Poweshiek County experiment was seeded in the spring of 1972. 
This experiment is located in the Tama-Muscatine soil association 
in east-central Iowa (Figure 3). The plots are on cut-slope areas 
between sections 25 and 36, T67N, R16W. The cut-slopes average 9 m 
in length and expose oxidized-leached loess, deoxidized-leached 
loess, and glacial till materials. The experiment is a randomized 
block design with blocks as slope aspect. 
The Poweshiek County ejqjeriment consists of four treatments, 
PAM (336 kg/ha), PVA 72-60 (336 kg/ha), PVA 71-30 ( 336 kg/lia) and 
control. The treatment plots axe approximately 9 m by 61 m. All 
areas were fertilized and seeded at rates recommended by the State 
^Aerospray-70 is a commercial soil stabilizer manufactured 
by Americam Cyanimide, 
44 
Highway Commission. An hydraulic seeder was used to apply the seed, 
fertilizer and chemicaJ. mulch. 
In both field ej^>eriments slopes were prepaared in the standard 
manner, but the seed was not cultivated into the soil, since this 
cultivation would destroy the effectiveness of the chemical mulch. 
The chemical mulches were applied as 2 percent solutions (100 hl/ha. 
for the 224 kg/ha rate and 150 hl/ha for the 336 "kg/ha. rate). In 
Ida County PVA was applied aJLong with seed and fertilizer but in 
Poweshiek County treatments were applied aJLone because ammonium 
fertilizers react with the PAM polymer. 
Soil loss was measured by the "stake method" and the mean of 
14 stakes is reported. Cover was measured by randomly tossing a 
50 cm quadrat on the plot and estimating percent grass and legume 




A complete data list for the rainfall-simulator experiment 
is given in Appendix B. The results presented in this section axe 
means of 2 replicates. 
Energy to runoff (ENTOR), energy to 6.5 cm/hr infiltration 
capacity (ENT065) and soil loss aufter 0.15 joules rainfall energy 
(ST015) are presented in Figures 5-7, respectively. The figures 
were constructed so each rate adds to the rate of the lower value. 
As aoi exanrole the top of the clear bar represents the rate 1 value, 
the top of the rate 2 coded bax represents its value. In some 
cases the cleair bax (rate 1) may be above rates 2 or 3 in which case 
it has the largest value. 
ENTOR for the check or zero rate vaxies to a small extent 
between soils but the Shaxpsburg, Belinda amd Kansan till materials 
had higher ENTOR values thain the other 3 soil materials. The zero 
value was considerably lower than any of the treated values. Rate 
3 for each polymer generally gives the highest average ENTOR, except 
for rate 2 of the PVA 72-60 treatment of the Belinda soil materiaul. 
In this instance rates 2 and 3 gave similar energies to runoff. 
For the loess soils, rate 3 of PAM gave consistently higher 
ENTOR values thaui rate 3 of the PVA materials. The PVA polymers 
gave similax results for the leached loess amd Belinda soils but 
PVA 72-60 gave higher values for the Shaxpsburg soil and compaired 
favorably with PAM for this soil. 
Figure 5. Energy to runoff (ENTOR) means for check and rates 1, 2, and 3 
of PVA 71-30, PVA.72-60 and PAM treatments on leached loess, 
Sharpsburg, Belinda, Kansan till and Gary till clods; and for 
check and rate 3 of PVA 71-30, PVA 72-60 and PAM treatments on 
unleached loess clods 
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Figure 6. Energy to 6.5 cm/hr infiltration capacity (ENT065) means for check 
and rates 1, 2, and 3 of PVA 71-30, PVA 72-60 and PAM treatments 
on leached loess Sharpsburg, Belinda, Kansain till and Gary till 
clods; and for check and rate 3 of PVA 71-30, PVA 72-60 and PAM 
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Figure 7. Soil loss after O.15 joules of rainfall energy (ST015) means for 
check and rates 1, 2, and 3 of PVA 71-30, PVA 72-60 and PAM treat­
ments on leached loess Sharpsburg, Belinda, Kansan till and Gary 
till clods; and for check and rate 3 of PVA 71-30, PVA 72-60 and 
PAM treatments on unleached loess clods 
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The RAM treatment, however, was the poorest treatment on the 
till soils with both PVA materials performing equally well on these 
soil materials. The chemical mulches in general, were not as effective 
on the till soils as on the Shcirpsburg and Belinda soils. 
ENT065 results (Figure 6), as expected, were similair to ENTOR 
results, but ENT065 values were greater than ENTOR values- The 
6.5 cm/hr infiltration capacity corresponds to the average intensity 
of spring rains in Iowa and is used for comparison with previous 
work. 
ST015 values were much lower for treated clods thsm untreated 
clods and soil loss declined with an increase in rate. Soil loss 
for untreated clods was greatest on unleached loess and Caxy till 
clods and lowest on the Shsorpsburg clods. 
The PAM treated clods eroded less tham PVA treated clods for 
the loess amd Gary till materials. The PVA treatments were about 
equal in protecting against soil loss for all soils. PAM, however, 
gave the least protection against soil erosion with the Kansan till 
material. 
Results for the MGS polymer ajce presented in Table 4. The 
MGS treatment gave lower ENTOR and ENT065 values than either the 
PVA 72-60 or PAM polymers aind was either equal to or slightly worse 
than PVA 71-30. It was much less effective than the other 3 polymers 
for controlling soil loss. Therefore the MGS polymer was not in­
cluded in the wet sieve experiment and was eliminated from further 
study. 
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Table 4. Rainfall--simulator results for the MGS polymer 
Means of 2 replicates 
Soil Rates 
ENTOR ENT065 ST015 











3 .047 .099 12.3 
Sharpsburg 1 .068 .111 9.2 
2 .083 .098 7.4 
3 .090 rl29 3.1 
Belinda 1 .067 .092 8.8 
2 .071 .093 6.0 
3 .080 .089 5.8 
ENTOR for the loess soils is plotted against clay for the PVA 
71-30, PVA 72-60, PAM and MGS polymers in Figures 8-11, respectively. 
There was a sharp increase in ENTOR with all four polymers at aill 
rates with am increase from 24 to 33 percent clay. After the sharp 
rise of ENTOR at 33 percent clay ENTOR declined at rate 1 and in­
creased at rates 2 and 3 for the PVA 71-30 amd PAM polymers with an 
increase from 33 to 47 percent clay. The PVA 72-60 polymer reacted 
differently since ENTOR remained the same at rate 1, increased at 
rate 2 and decreased at rate 3 with the increase from 33 to 47 per­
cent clay. ENTOR for the MSS polymer declined at all rates with 
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Figure 8. Comparison of percent clay and ENTOR for 
loess clods treated with PVA 71-30 
55 
7. CLAY 
Figure 9. Comparison of percent clay and ENTOR for 
loess clods treated with PVA 72-60 
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Figure 10. Compaurison of percent clay and ENTOR for 
loess clods treated with RAM 
57 
Figure 11. Comparison of percent clay and ENIOR for 
loess clods treated with MGS 
58 
the increase from 33 to 47 percent clay. 
The following points are made in summary of this section. 
1. In general clod stability as measured by ENTOR was 
highest with the highest rates of application of the 
chemical stabilizers. 
2. For untreated soil the energy required to initiate 
runoff (ENTOR) was directly related to percent clay 
in the different soils studied. 
3. For the loess derived soils PAM was the most effective 
materiail studied for stabilizing soil structure aoid 
controlling erosion but for till materials PVA 71-30 
aoid PVA 72-60 at high rates were superior to PAM. 
4. The f'KSS polymer was never better and in most tests was 
inferior to the other chemicaûLs emd was eliminated from 
further study. 
5. Energy to initiate runoff (ENTOR) increased shaarply when 
clay percentage increased to 33 percent and more slowly 
as the clay content increased to 47 percent for rates 2 
and 3 of PVA 71-30 and PAM for rate 2 of PVA 72-60, but 
remained constant or decreased as clay content increased 
at the lower rate of application of the chemicals. 
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Wet-Sieve Experiment 
Results of the wet-sieve experiments axe in Table 5 and in 
Figures 12 and 13 for the direct-wet and vacuum-wet results, 
respectively. Individual results are in Appendix C. All 3 rates 
axe plotted on the same bar and coded as indicated on the graph. 
The first bar for each treatment represents the percentage of 
soil material that remained on the number 4 sieve (AS4) while the 
second represents the percentage of material on both the number 4 
and 10 sieves (AS10). 
Table 5. Wet-sieve results for unleached loess 
Polymer Rate AS 
Means of 3 replications 
Direct-wet Vacuum-wet 








































































Figure 12. Direct-wet sieve means for check and rates 1, 2, and 3 of 
PVA 71-30, PVA 72-60 and PAM treatments on leached loess, 
Sharpsburg, Belinda, Kansas till aind Gary till clods 
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Figure 13. Vacuum-wet sieve means for check and rates 1, 2 and 3 of 
PVA 71-30, PVA 72-60 and PAM treatments on leached loess, 
Sharpsburg, Belinda, Kansan till and Cary till clods 
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Differences among soil materials were slight for the direct-
wet anauLysis but the till clods in general had larger values than 
the loess soils. The Belinda and unleached loess materials had 
the lowest amount of soil retained on the sieves while Caxy till 
had the largest amount. 
Rate 3 of the PAM polymer gave the highest values for all 
soils when compared to the PVA polymers. PVA 71-30 had greater 
values than PVA 72-60 at rate 3 for the loess soils. At rates 
1 and 2 treatment differences were variable especiaJLly with the 
loess soils. In general the highest rate gave best results within 
a soil and treatment except for PVA 72-60 applied on leached and 
unleached loess materials. In this case the rate 2 gave the 
highest vsulues and rate 3 gave the lowest for the leached loess 
and intermediate values for the unleached loess. Rate 2 was lower 
than rate 1 for PVA treatments of the Shaxpsburg, Belinda and Gary 
till materials. Rate 2 of PAM is lower than rate 1 for only the 
Belinda soil. 
Vacuum-wet results are presented in Figure 13 and Table 5. 
These results aure similar to the direct-wet results, except that 
differences among the leached loess, Shaxpsburg, Kansan till, and 
Caxy till materials are very small. The Belinda and unleached 
loess materials have much lower values than the other four soil 
materiails. 
The PAM polymer again gave the highest values at the high 
rate when compared to the PVA polymers but polymer differences 
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were small except for the Belinda soil. The highest rate generailly 
gave the highest vaJLues except for the PVA 71-30 treatment of the 
Belinda soil and the PVA 72-60 treatment of Gary till. 
Values obtained with rate 2 were either lower than or similaor 
to rate 1 for all polymers on the Belinda and Cairy till materials, 
for PVA 72-60 treatment of Sharpsburg and leached loess materials 
amd PVA 71-30 treatment of Sharpsburg aind unleached loess materials. 
The vacuum-wet aind direct-wet results for the AS 4 vairiable are 
compared in Figure 14 and Table 5. In every case the vacuum-wet 
method gave higher vaJ.ues them the direct-wet method. The wetting 
differences in general were laxgex for the loess materiails them 
for the till materials. 
The wet-sieve experiment is summarized as follows. 
1. Belinda clods (47 percent clay) were the least stable of 
all the soils studied. 
2. Soils treated with the high rate of RAM were more stable 
than those treated with the PVA polymers. 
3. Rate 2 of the PVA polymers gave consistently lower vatlues 
than rate 1, but this was true only on the Belinda soil 
for the PAM treatment. 
I 
Figure 14. Vacuum-wet AS4 means compared to direct-wet AS4 means for 
check and rates 1, 2 and 3 of PVA 71-30, PVA 72-60 and PAM 
treatments on leached loess, Sharpsburg, Belinda, Kansan 
till and Caty till clods 
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Ida County experiment 
Soil loss and cover measurements made April 23, 1973, are 
given in Table 6. The area received 16.4 cm of rain during the fall 
of 1972. This is 4.1 cm above average for this period. The treat­
ments were significantly different at the 10 percent probability 
level with the treated areas having less average soil loss than 
the check areas. Most of the soil loss was from rill rather than 
sheet erosion. 
Table 6. Soil loss, cover and statistic parameters for the Ida 
County e3q>eriment 
Mcsin Mean Mean percent 
Treatment soil loss soil loss cover of 
grass & legumes 
cm metric tons/ha 
Check 1.37 101 4 
Conwed 0.15 11 13 
PVA 0.7 51 8 
Conwed + 
Aerospray 70 0.4 30 
MS treatments 0.90 63.8 
MS error 0 265 22.3 
69 
Cover measurements were not significaaitly different for the 
treatments. 
Poweshiek County experiment 
Soil loss measurements taken June 6, 1973, are given in Table 
7. The experimental area had received 9.6 cm of rain to this date. 
The treatment effect was not significant at the 10 percent level. 
Soil loss was mainly from rill erosion caused by additional run­
off water from fields upslope from the experimental plots. This 
was especially noticeable on the north-facing PVA 71-30 plot. If 
this plot were disregarded, then all treatment areas controlled 
soil loss. 
Table 7. Soil loss measurements and statistic parameters for 
the Poweshiek County esqperiment 
Treatments Blocks^ Mean soil loss Mean soil loss 
cm metric tons/ha 
PVA 71-30 SO 0 
PVA 71-30 N 2.5 178 
PVA 72-60 SO 0 
PVA 72-60 NO 0 
PAM S 0 
PAM NO 0 
Check S 0.8 59 
Check N 1.4 104 
MS treatments = 0.74; Blocks = 0.62; Error = 0.81 




As shown in Table 8, the three variables from the rainfall-
simulator experiment showed valid differences due to soil type, 
polymers, rate of polymer and interactions between soil and polymer, 
soil and rate, amd soil, polymer and rate. Energy required to 
initiate runoff (ENTOR), an index of soil erosion (ST015) and 
energy required to reach 6.5 cm/hr infiltration capacity (ENT065) 
were about equally effective in detecting differences due to soil 
or rate of polymer. No difference in soil loss resulted from 
polymer differences but rate of polymer amd polymer by rate inter­
actions are significant for the ENT065 and ST015 variables. Both 
the ENTOR and ENT065 measurements indicated a significaunt polymer 
effect. 
Tests of significcince for the main effects (soil, polymer, 
aind soil x polymer interaction) may not be valid since the main 
effects were not completely replicated. The error A term is from 
replicates within soils amd polymers, and may be smaller than the 
actual error A. All tests against error B axe valid statistical 
tests of significamce. 
Soils 
Differences between treated clods of the vaurious soils are 
discussed in the relationship of polymers with clay subsection. 
The vairiability of ENTOR for untreated clods of the soil 
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Table 8. Analysis of variance for rainfall simulator experiment 
Mean squares 
Source df ENTOR ST015 ENT065 
Soil 4 0.00519** 226.4** 0.0125** 
Polymer 2 0.00203** 7.3 0.0036** 
Soil X P 8 0.00095** 39.2** 0.0040** 
Error A 15 0.00012 5.4 0.0002 
Rate 2 0-01093** 327.4** 0.0161** 
Soil X rate 8 0.00034** 15.5** 0.0012** 
P X rate 4 0.00012 19.8* 0.0005* 
S X P X rate 16 0.00020** 9.4** 0.0004* 
Error B 31 0.00008 2.9 0.0002 
**Significant at 1% level. 
•Significant at 5% level. 
materials is small, but in general the higher clay soils (Sharpsburg, 
Belinda and Kanssoi till) have higher energies to runoff and lower 
soil losses. This can be explained by the increase in clod stability 
against rain drop action because of greater cohesion associated with 
higher clay contents. Kemper and Koch (1966) have shown increased 
aggregate stability with an increase in clay content. The effect 
of clay, however, is confounded with the natural structure of the 
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clods from the B horizons of the Sharpsburg and Belinda soils while 
clods from the other soils axe broken or made from massive materials. 
The structure effect, however, is probably minor compared to the 
effect of clay since the Kansan till material was massive, but com-
paxed favorably with the structured B horizon materials. 
Soil losses for untreated clods are much more variable than 
ENTOR among the soils studied. Since no soil loss occurs until 
runoff, the amount of soil detachment and transport capacity im­
mediately after runoff begins plays an important part in this dif­
ference. Splash increases with a decrease in cohesive strength 
upon wetting (Mclntyre, 1958a) and is directly related to surface 
seal formation and the layer of water that forms above the surface. 
High amounts of soil erosion is associated with the high amount 
of splash before complete surface seal formation but adTter runoff 
begins. The splash erosion and clod breakdown can be controlled 
by an increase in intra-clod cohesive strength which reduces splash 
and clod disintegration. The variability of soil loss for the un­
treated clods is attributed to a range in intra-clod cohesive 
strength. Soil loss is much lower on the treated clods due to 
the increase in intra-clod cohesive strength aoid reduction in clod 
breakdown with the chemicaul soil stabilizers. 
Polymer and soil by polymer interaction 
The polymer effect is significant for ENTOR and ENT065 (Table 
8) but due to the uncertainty of the error A term, the significance 
level may be unreliable especially with the ENTOR results. The RAM 
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polymer is generally the best at all rates for the loess soils, but 
not for the till materials. Because of this switch in superiority 
of the polymers, a significant soil by ix>lyiner interaction term 
was obtained. 
The polymer effects for ENT065 are averaged over all soils in 
Figure 15 and PAM is superior to PVA at all rates. The superiority 
of PAM is attributed to differences in penetration of the three 
chemicals. This is discussed in detail in the wet-sieve section, 
in the wet-sieve section. 
. The interaction effects 
The soil by rate interaction is discussed in the polymer and 
clay relationship subsection. The polymer by rate interaction is 
highly significant for ST015 and significant at the 5 percent level 
for ENT065. This interaction is shown in Figures 15 and 16 for 
ENT065 aoid ST015, respectively. 
The rate effect is confounded by differences in concentration 
of the liquid polymers. Rate 1 is applied ais a 1 percent solution 
and rates 2 and 3 as 2 percent solutions. This rate difference 
is not a factor when making comparisons among polymers, since aull 
polymers were applied in this manner. 
ENT065 versus rate is a straight line relationship for the 
PVA polymers. PVA 72-60 increases ENT065 faster with increasing 
rates thaoi PVA 71-30 as is shown by the relative slopes of the two 
lines. The PAM relationship is convex with a larger increase in 
ENT065 between rates 1 and 2 than between rates 2 and 3. The curves 
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Figure 15. Compaxison of ENT065, averaged over soils and 
replications, and rate of the PVA 71-30, PVA 
















Figure 16. Comparison of 
replications, 
72-60 and PAM 
ST015, averaged over soils and 
and rate of the PVA 71-30, PVA 
polymers 
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do not indicate any penetration problems for rate 2 since a concave 
relationship would be expected under these conditions. 
ST015 versus rate is a negative-sloping and straight-line 
relationship for PAM, convex dovmwaard for PVA 71-30 aind concave 
downward for PVA 72-60. The negative slope is expected since soil 
loss decreases with higher rates of the treatments. The convex 
relationship for PVA 71-30 indicates little difference between 
rates 1 and 2 and also indicates that rate 3 is needed to signifi­
cantly reduce soil loss. The concave relationship of PVA 72-60 
indicates rate 2 very effectively reduces soil loss. This is in 
contrast to PVA 71-30 and may show the increased cohesive strength 
of the longer chained PVA 72-60 molecule. The PAM and PVA 72-60 
are about equally effective in controlling soil erosion when averaged 
over all soils. 
The concentration of the chemiceuLs does not ajffect either soil 
loss or ENT065 relationships, although with the low clay loess 
clods, shells of the clods were all that remained aJfter the rain 
treatment. This fact indicates the chemicaJ-s did not penetrate the 
fine pores of these clods cind stabilize their interiors. These 
shells persisted with the rain treatment and created a rough 
gravelly surface. This surface prevented any soil loss from splash, 
but runoff was high due to a seal which formed below this gravelly 
layer. 
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Relationship of clay with treated clods 
The relationship of clay with clod treatments was investigated 
to determine the effect of clay on the effectiveness of the chemical 
soil stabilizers. The abrupt increase in ENTOR with an increase 
in clay from 24 to 33 percent indicates the need for clay at all 
rates of application for the polymer to have maximum effectiveness. 
The clay relationship indicates that a greater amount of chemical, 
is needed on the 24 percent clay soils than a soil with higher clay 
content for effective stabilization. This is probably due to a 
lack of sites for the polymers to attach to the clay and stabilize 
the clod. Therefore stabilization of low clay clods results from 
weaker van der Waal forces. This relationship may be confounded 
with pore diameter of the clods. It is possible that the Shsirpsburg 
clods have larger interconnected pores because of the prominent 
structure of the B horizon when compared to the massive structure 
of the leached loess clods. Average porosity of the two materials 
is similar (Table 2). The chemicails effectively stabilized the 
surfaces of the leached loess clods but the interiors "melted" away 
after the rain treatments. The shells remained on the surface and 
were not broken down by raindrop action. This resistamce to break­
down indicates the main factor may be penetration of these massive 
leached loess clods. The exteriors of the clods are stable because 
of the increased concentration of polymer at the clod surface. 
With a further increase in clay from 33 to 47 percent, ENTOR 
of the treated clods either decreased or remained the same a5 rate 1. 
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The decrease in ENTOR is attributed to an exhaustion of the chemi­
cals by the large amount of clay in the soil. Blavia et al. (1971) 
found similair results in their study of the PAM (Superfloc) and FVA 
chemicals. This reduction, however, is eliminated at rates 2 and 
3 for the RVA 71-30 and PAM treatments which indicates more chemical 
is needed for high clay soils. ENTOR at rate 3 of the PVA 72-60 
treatment is depressed from an increase of from 33 to 47 percent 
clay. This does, however, correspond to wet sieve results of the 
PVA 72-60 polymer. ENTOR remained constant for rate 1 of PVA 72-60 
from 33 to 47 percent clay. This may indicate the greater strength 
of this long-chained polymer since it is the only treatment that re­
mained constant at rate 1 over this clay range. 
Maximum ENTOR vailues for the treated clods axe on the 47 
percent clay material. This is evidence for the existence of a 
greater number of OH-O bonds between the polymers and clay on the 
47 percent clay material. The 24 percent clay material would be 
esqsected to contain fewer OH-O bonds and have more of the weaker 
van der Waal bonds. 
The soil by rate interaction for the three loess soils is 
shown in Figure 17, for the ENTOR variable. The curves are convex 
for Belinda, concave for leached loess and straight for Sharpsburg. 
The convex relationship for Belinda shows a laxger increase in 
ENTOR between rates 1 and 2 than between rates 2 amd 3. The in­
verse holds for leached loess vdiile the rate of increase in ENTOR 






Figure 17. Comparison of ENTOR, averaged over polymers and 
replications, and rate for the loess soils 
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indicates rate 3 is more effective than rate 2 on leached loess 
and less effective than rate 2 on Belinda. There is no difference 
between the effectiveness of the rates with the Sharpsburg clods. 
These relationships are interpreted as further evidence that more 
chemical material is required for low clay soils smd that clay is 
the major factor in the effectiveness of the treatments on the 
loess soils. The penetration factor discussed previously, however, 
may affect this relationship with the low clay clods. 
Williams et al. (1968) found little increase in effectiveness of 
PVA with a chemical, to soil concentration over 1.5 percent by weight. 
Dowdy (1972) found tensile strength of Ca-Montmorillonite clay was 
doubled over the check at a 0.5 percent concentration of PVA by 
weight emd tripled at a 2 percent concentration. The Williams ex­
periment was for the whole soil while Dowdy worked with "pure" clay 
systems. In the present study the 1, 2 and 3 rates represent 0.15, 
0.29 and 0.44 percent concentrations by weight respectively. These 
concentrations are well below what Williams states as a maximum. 
If each of the percentages for the Belinda material, is multiplied 
by 2 (hal.f of the Belinda soil is clay sized material), a rough 
estimate is available to compaure with Dowdy's work. From his 
findings it can be reasoned that rate 3 should be almost triple 
ENTOR over the zero rate if tensile strength correlates with ENTOR. 
Rate 2 of PVA 71-30 and 72-60 more than doubles ENTOR over the 
zero rate and rate 3 is 2.5 times more effective than the zero rate. 
This is more dramatic with the PAM treatment since rate 2 more than 
81 
triples ENTOR over the zero rate aund rate 3 is 5 times more effective 
than the check. The relationships are less pronounced but persist 
for the other soils in this study with rate 2 doubling ENTOR for all 
polymers. This corresponds well with Dowdy's work with pure clay 
systems and demonstrates that the chemicails may be effective soil 
stabilizers at concentration well below the 1 percent by weight con­
centration for the high clay soils. This close correlation with 
Dowdy's work also shows the direct relationships between tensile 
strength and ENTOR. Tensile strength is interpreted as intra-clod 
cohesive strength in this study. 
Wet-Sieve 
The objectives of this ejqjeriment were to obtain a measure 
of wet clod stability or clod strength, cuid to see if these results 
were related to those from the rainfall-simulator experiment. The 
results axe discussed in the order listed in the analysis of variance 
(Table 9). Again the tests of significance for the main effects aire 
not valid for reasons given in the previous section. The analysis 
of vaariance is somewhat more complicated with this experiment, since 
the sieve values (AS4 and ASIC) are nested within rates. Reference 
is mainly made to the direct-wet results in the ensuing discussion 
since vacuum-wet results axe similar to direct-wet results among 
polymers. 
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Soil 5 8436.0^^ 14813.6^* 
Polymer 2 648.0^^ 687.?•* 
Soil X Polymer 10 316.4^ 188.!• 
Error A 36 125.5 83.5 
Rate 2 7262.2^^ 4757.8^^ 
Sieve 1 1839.9^^ 1575.6^^ 
Rate X Sieve 2 61.8 41.8 
Soil X Rate 10 446.2** 497.0** 
Polymer x Rate 4 778.2** 416.7^^ 
Soil X Polymer x Rate 20 193.6^* 118.9^^ 
Soil X Sieve 5 238.8** 230.8^^ 
Polymer x Sieve 2 44.6 3.4 
Soil X Polymer x Sieve 10 25.5 8.6 
Soil X Rate x Sieve 10 2.9 4.2 
Polymer x Rate x Sieve 4 2.5 6.3 
Soil X Polymer 
X Rate X Sieve 20 2.2 1.9 
Error B 182 29.6 15.9 
••Significant at 1% level. 
•Significant at 5% level. 
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Soils 
In contrast to the rainfsill-simulator results, the Belinda 
soil is the leaist stable soil in this experiment. The Belinda 
clods breaJc down very easily when wet by either method into minute 
clods less than 2 mm in size. These minute clods are not retained 
on the number 10 sieve. The reason for this breakdown into minute 
clods is attributed to the high clay content of these clods and 
extremely high structured, refinement of this B horizon materiaJ.. 
These clods were readily broken into smaller clods in the field 
when moist because of their well defined cleavage planes. It is 
evident that this clod breakdown could not be controlled by the 
chemical, treatments. However, these minute clods ajre stable against 
raindrop action and ENTOR is high due to a lack of a complete seal 
on these soils. 
The breakdown of the large clods into minute clods is practi­
cally non-existent with the other soils. Large clods of these soils 
break directly into primary soil paarticles, which is demonstrated 
by the small difference between the ASIO and AS4 values. This is 
also demonstrated by the relatively complete surface seals obtaiined 
on the leached loess soils with rain treatments. The relatively 
high clod stability of the till materials as compaored to the loess 
materials may be a result of the many fine stones which were retained 
on both sieves since the values were not corrected for sand. 
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Polymer effects 
Polymer differences are small but are highly significsmt. The 
PAM polymer is superior to the PVA polymers when compared at the 
high rate. This corresponds with the rainfall-simulator results 
except that PAM is also superior with the till materials in this 
experiment. Rate 3 of PVA 72-60 applied to leached loess is lower 
thcin either of the other two rates which may indicate clod penetra­
tion problems for this long chain polymer. This is discussed in 
greater detail in the following section. 
Rate and soil by rate emd polymer by rate interactions 
The highly significant rate effect was expected since values 
were expected to increase with a rate increase. Rate 3 usually 
gives the highest values except for the PVA 72-60 polymer. Rate 2, 
however, is commonly lower them rate 1 for PVA treatments of the 
loess material. This demonstrates the effect of the increased 
viscosity (concentration) of rate 2 on the penetration of the PVA 
treatments. The PAM polymer reacts in this manner with only the 
Belinda soil which indicates it penetrates the clods easier thazi 
the PVA's. The soil by rate interaction is shown in Figure 18. 
This plot shows the lower values for rate 2 averaged over all 
polymers for the Shairpsburg aoid Belinda soils. The relatively 
straight line relationships for the leached loess, unleached loess 
emd Gary till maiterials indicates no penetration problems for 
these materials but shells of the clods were all that remained 
on the sieve. The similaar slopes of these lines indicate the 
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KANSÂN TILL 
•^ TJNLEACHED LOESS 
Figure 18. Compaorison of clod stability, averaged over 
polymers, replications and sieves for the direct-
wet vairiable, aund rate for each soil 
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treatments behave the same for these 3 soils. The convex relation­
ship for the Kemssm till is em exception to the above relationship 
since the chemicals should not be able to penetrate these clods. 
The relationship for this soil may be due to inherently stable 
interiors of these clods. 
Clod stability is compared to rate for each polymer in Figure 
19. This plot aulso shows the significant polymer by rate inter­
action and identifies the penetration problem at rate 2 for the 3 
polymers. The concave relationship for the PVA materials indicates 
they do not penetrate the clods as well at higher as at lower 
viscosities. In contrast the PAM treatment seems unaffected by 
a chamge in viscosity at least in the range of viscosities of this 
study. 
Sieve and soil by sieve interaction 
The sieve source in the analysis of variance table (Table 9) 
consists of the AS4 aind ASIO values. This effect is expected to 
be significant since the ASIO vaLLue represents the percentage of 
soil material remaining on both the number 4 and number 10 sieves 
while AS4 represents the percentage of soil material retained on 
the number 4 sieve. 
More meaningful interpretations are made from the difference 
in the ASIO and AS4 values which also gives rise to the significant 
soil by sieve interaction. This difference is shown in the compar­









Figure 19. Comparison of clod stability, average over soils, 
replications and sieves for the direct-wet 





















Figure 20. Comparison of clod stability, averaged over 
polymers, replication, and rates for the direct 
wet experiment, and AS value for each soil 
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the lines drawn between the AS values for the Sharpsburg and Belinda 
soils are steeper thsm the other soils which indicates the difference 
between ASIO and AS4 is larger for these soils than for the other 
soils studied. This difference indicates that the treated clods for 
the Sharpsburg and Belinda soils break into smaller stable clods 
(greater tham 2 mm in diameter) which are retained on the number 
10 sieve. The slopes of the lines for all the other soils are 
almost horizontal which indicates that even after chemical treat­
ment, these clods break into clods finer than 2 mm in diameter. 
This is an explanation for the rapid development of a surface seal 
on these soils after rainfall energy is applied. 
Direct-wet versus vacuum-wet 
The results are simileur with either of the two methods of 
wetting except that variation among treatments is smaller with 
vacuum-wetting and vacuum-wet values approach 100 percent. This 
indicates polymers almost completely stabilize clods against the 
action of flowing water. The chemicals are slightly less effec­
tive for stabilizing the clods against the forces from direct-
wetting. 
Relative cohesive strengths of the three chemical polymers 
If all three chemicals aire absorbed into the clods similarly 
at rate 1, the direct-wet results at this rate would indicate the 
relative cohesive strengths of the polymers. The average cohesive 
strengths over all soils can be determined from the plot of each 
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polymer in Figure 18. At rate 1, PAM has the lowest value in­
dicating, if the assumption is valid, it has the lowest cohesive 
strength when compared to the PVA polymers. The long-chain PVA 
72-60 polymer has slightly more cohesive strength than the PVA 
71-30 polymer which would be expected (Williams et al., 1968, 
smd Carr amd Greenland, 1972). The difference, however, is 
smaller than expected which may indicate penetration problems at 
this low rate. 
These results with direct-wetting axe opposite to those ob­
tained with the rainfall-simulator experiment, where the PAM 
treatment was generally better than the PVA treatments at the low 
rate. This may be due to the PAM treatment penetrating the clods 
better at the low rate them the PVA polymers or may be due to a 
completely different force acting on the clods with raindrop energy. 
Comparison of the wet-sieve 
emd rainfall-simulator experiments 
Correlation coefficients of the wet-sieve and rainfaLLl-
simulator variables are given in Table 10. Correlations axe gen­
erally low for all the variables except for the till clods but 
correlation coefficients axe based on only 2 till materials. There 
is a significant correlation between ENIOR and direct wet AS 10 re­
sults. This is probably related to the results of the Belinda and 
Sharpsburg matexicLls where the large clods broke down to smaller 
but stable clods and corresponds to the higher ENTOR for these 
soils. The ENT065 and ST015 variables axe not correlated 
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Table 10. Correlation coefficients of wet-sieve and rainfall-; 
simulator variable averaged over all soils except 
unleached loess, all loess soils, and all till soils 
Wet-sieve method AS value ENTOR ENT065 ST015 
All soils except unleached loess 
Direct-wet 4 0.25 -0.03 -0.07 
Direct-wet 10 0.41** 0.15 -0.21 
Vacuum-wet 4 0.18 0.01 —0.06 
Vacuum-wet 10 0.32* 0.16 -0.20 
Loess soils 
Direct-wet 4 0.15 -0.02 -0.01 
Direct-wet 10 0.44* 0.30 -0.29 
Vacuum-wet 4 0.16 0.11 —0.09 
Vacuum-wet 10 0.33 0.31 -0.28 
Till soils 
Direct-wet 4 0.74** 0.51* -0.63** 
Direct-wet 10 0.72** 0.50 -0.66** 
Vacuum-wet 4 0.51* 0.34 -0.58* 
Vacuum-wet 10 0.50* 0.36 -0.62** 
••Significant at the 1% level. 
•Significant at the 5% level. 
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to the wet-sieve variables. This is in contrast to the findings of 
Kemper (1965), Musgrave (1955) and Adams et ail. (1958) who found a 
direct relationship between soil loss and wet aggregate stability. 
These studies were all made with surface clods which may indicate 
the subsoil reacts differently than surface soil. The lack of cor­
relation with subsoils may be due to small or insignificant dif­
ferences in wet-sieve clod stabilities as compared to the larger 
differences in the rainfaULl parameters. These results, however, 
axe in agreement with Moldenhauer and Kemper (1969) who found clod 
stability may not be related to soil erosion. Rogowski (1964) also 
found similair results since tensile strength of clods and ENTOR 
were not highly correlated. He did, however, write an empirical 
equation relating the two variables. 
Management 
Laboratory results are of little value unless they can be 
associated with field parameters. In this section rainfall-
simulator results axe related to average rainfaill energy received 
during the seed establishment period and axe used to develop pre­
diction equations for the amount of chemical stabilizer needed to 
stabilize soil materials for the three soil stabilizers used in 
this study. 
The laboratory estimates for ENT065 and soil loss are based 
2 
on a continuous application of 0.15 joules/cm of rainfall energy. 
Rainfall energy under field conditions comes over a long period 
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of time and in small "packets" of energy. The soil surface commonly 
dries completely between rainstorms and in some cases cracks. This 
increases the infiltration capacity of the soil for the next rain­
storm because of the increased suction potential atnd large openings 
for the water to enter the soil. Borst and Woodburn (1942) showed 
erosion to be highest in the plot with optimum moisture content and 
lowest in the dry cloddy plot. Duley (1939) aJLso showed infiltra­
tion capacity was reduced to a low level on the second day of rain-
fa_Ll when surface conditions were initially wet. Edwards (1967) 
also found infiltration to be greater under initially dry conditions. 
Therefore the laboratory estimates of ENT065 and ST015 are probably 
a conservative evaluation of the effectiveness of the chemical 
treatments. These estimates, however, are for surface conditions 
without the additionaJL runoff effects often encountered under field 
conditions. 
Relationship of rainfall-simulator variables 
to weather indices and soil-loss tolerances 
Molderihauer and Kemper (1969) and Moldenhauer (1970) have 
calculated that rainfall energy between planting aoid a full canopy 
2 
cover of com in Iowa is 0.18 joules/cm . This period is similar 
to the amount of time required for a newly seeded grass mixture to 
adequately control erosion if soil and climatic factors are 
favorable for grass growth. Under unfavorable growth conditions, 
soil surfaces may remain barren or psurtially covered for the entire 
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erosive period (March through November). But this is an extreme 
case and will not be seriously considered in the following discussion. 
The average amount of rainfall energy between roadside seeding emd 
protective cover from the seeded grasses is calculated to be 0.15 
joules/cm for Iowa (Appendix D). This value is for a "normal" year 
and should be considered as only a minimum goal. 
2 
Compearing the 0.15 joules/cm value with ENTOR (Figure 4), it 
is evident that no chemical except the high rate of PAM on Belinda 
2 
clods withstood 0.15 joules/cm rainfall energy. The ENTOR values, 
however, are based on a rainfall in excess of 10 cm/hx which is an 
extremely high intensity. Therefore ENT065 values are used for 
comparison since 6.5 cm/hr is closer to the average intensity (U.S. 
Weather Bureau Tech. Paper no. 25, p. 15, 1955). The 6.5 cm/hr 
intensity was used by Moldenhauer (1970), Blavia et al. (1971) and 
Gabriels et al. (1973) in their studies. 
Using the ENT065 values, the treated clods of the Shaarpsburg, 
2 
Belinda, and Gary till soils are in excess of the 0.15 joules/cm 
value. Treated clods of the leached loess and Kansan till materials 
approach the 0.15 joules/cm value at the high rate of the treat­
ments. The treated unleached loess clods, however, are not close 
to the 0.15 joules/cm value indicating there may be severe erosion 
from this material even if it is treated with the chemical mulches. 
The 6.5 cm/hr infiltration capacity also is the point where 
the surface is commonly in the rapid seal stage. Therefore if the 
chemical treatments give adequate protection amd maintain a 6.5 cm/hr 
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infiltration capacity, an effective surface seeJL can be prevented. 
This is especially important in the establishment of the grasses, 
since surface crusts retard grass establishment. 
Soil loss limits have been established for aull surface soils 
in Iowa and a 11.2 metric ton/ha/yr rate is usually accepted as a 
tolerable soil loss. This rate may be excessive for subsoil 
matericLLs exposed along roadsides because of environmental damage, 
dredging e3q)enses for cleaning the ditches and problems created with 
seeding and seed establishment. The 11.2 metric ton/ha rate is 
much lower than soil losses measured in previous field experiments 
(Mausbach et aJ.., 1972) amd is considered am acceptable goal in 
this study. Meyer et auL. (1971) found soil losses to be greater 
on esqposed subsoils and found a straw mulch satisfactorily con­
trolled erosion loss to lO tons/ac (27 metric tons/ha). This is 
twice as much soil loss as the above goal. 
The soil losses for the treated clods axe below the 11.2 
metric ton/ha for all rates of all polymers on the Shairpsburg and 
Belinda soils. All polymers at rate 3 control erosion below the 
11.2 metric ton/ha goal. These results may not have any signifi-
camce for field application since it has already been shown (Ap­
pendix A) that soil loss with the Adams rainfall-simulator is much 
greater tham with the Moldenhauer-Long rainfall-simulator. Both 
of the rainfall—simulators may give soil loss estimates which aire 
low compared to field situations because of the small area involved, 
free subsurface drainage, and artificial surface conditions. The 
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fact that the polymers were applied with a paint sprayer may also 
increase the laboratory effectiveness of the chemicals since they 
were applied evenly over the clod bed in a finely atomized spray. 
In the field the chemicals aire applied in a coarse spray smd ap­
plication is commonly uneven due to high winds aoid different tech­
niques of the operators. 
Soil loss at the Ida County esqseriment is in excess of that 
obtained with rainfall-simulation techniques. This is also the 
case for the north-facing PVA 71-30 treatment axea at the Poweshiek 
County experiment. Soil loss, however, at both field experiments 
appears to be from rill rather them sheet erosion. Rill erosion 
was caused by excess runoff water from upslope farm fields. The 
chemicad. mulches, at the rates used in this study, cannot control 
this type of soil erosion. In cases of no runoff water from up­
slope areas, little or no soil loss was detected from the treated 
plots, at the Poweshiek County experiment. Surfaces were not 
sealed on the treated areas, but were completely sealed on the 
check plots. Both the ST015 and ENT065 variables would indicate 
no soil loss or complete surface seal on treated eureas at the 
Poweshiek site since rainfall energy was less than 0.15 joules. 
Prediction equations 
Multiple regression techniques were used to develop equations 
which predict ENT065 for the PAM, PVA71-30 and PVA 72-60 chemical 
mulches. The equations are in the form ENT065 = b^ + b^(rate) + 
bg(clay) where b^ is the intercept, b^ is the regression coefficient 
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for rate and is the regression coefficient for percent clay 
content of the soil material. 
Clay is the only physical pairameter used although pH was 
correlated to ENT065 in some instsmces (Table 11). Clay, however, 
was highly correlated to pH, therefore pH was not included in the 
model. Peperzak and Shrader (1956) also found clay to be inter-
correlated with many physical properties. Apparent porosity might 
have been demonstrated to be a significant factor if more soils 
with a larger range in porosity had been included in the study. 
Clay was chosen to represent the mechanical analysis parameter 
because it is more commonly referred to in published reports and 
is intercorrelated with many physical properties. There is also a 
strong relationship between clay and the rainfall simulator 
vauriable ENTOR for all the polymers (Figures 8-11). 
The equations were developed for all materials (full model) 
and for loess materials ailone (loess model) and aire given in Table 
2 12. The R values for the equations are also given in Table 12, and 
a complete anailysis of variance amd statistics for the prediction 
2 
equations is given in Appendix E. The R vaLLues axe relatively 
high for all the equations with values ranging up to 0.89 for the 
PAM polymer. This indicates the independent variables, rate and 
clay, account for much of the vauriation of the ENT065 variable. 
2 
Equations for the loess model have higher R vailues since the 
variability due to till materiails is removed from the uniform 
loess materials. 
Table 11. Correlation coefficients of rainfall-simulator parameters with particle 




% clay % coarse 
silt 
% fine 
silt % sand Porosity PH 
All soil materials 
ENTOR 0.49** -0.20* 0.04 0.08 -0.14 -0.12 
ENT065 0.57** -0.20 0.25 -0.28 0.01 -0.34* 
ST015 -0.58** -O.IO 0.15 0.34* 0.01 -0.31* 
Loess materials 
ENTOR 0.58** -0.59** 0.63** 0.61** -0.25 -0.31 
ENT065 0.60** "0.61** 0.61** 0.62** -0.31 ••0.37 
ST015 -0.64** -0.65** -0.68** 0.67** 0.30 0.37 
^^Significant at the 1% level. 
*Significant at the 5%, level. 
99 
Table 12. Prediction equations for full model amd loess model 
for each polymer 
2 Polymer Equation R 
Full model 
PVA 71. -30 ENT065 = 0.026 + 0.017(rate) + 0.0016(clay) 0.52 
PVA 72. -60 ENT065 = 0.004 + 0.026(rate) + 0.0019(clay) 0.60 
PAM ENT065 = -0.070 + 0.026(rate) + 0.0047(clay) 0.76 
Loess model 
PVA 71-•30 ENT065 = 0.001 + 0.011(rate) + 0.0024(clay) 0.79 
PVA 72-60 ENT065 = 0.003 + 0.021(rate) + 0.0020(clay) 0.61 
PAM ENT065 -0.027 + 0.033(rate) + 0.0350(clay) 0.89 
^ate is coded 1 = 112 kg/ha, 2 = 224 kg/ha, 3 = 336 kg/ha 
The regression coefficient for the independent vairiable clay 
is significantly different from zero for all the equations (Ap­
pendix E). This is expected since clay is highly correlated to 
ENT065 after averaging soils, polymers and rates together (Table 
11). The relationship of rate with ENT065 is slightly curvilineair. 
A rate squared term was tested but it was not significant. Rate 
aoid clay are orthogonal in the prediction equations as is shown 
by the similairity between the sequential and partial sums of squares 
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for the rate variable (Appendix E). 
The equations aire plotted in Figures 21-23 for PVA 71-30, 
PVA 72-60 and PAM, respectively. The principal use of the equations 
is not to predict ENT065 that could be escpected at a given rate ajid 
soil clay percentage, but to estimate the amount of chemical mulch 
needed to maintain an infiltration capacity of 6.5 cm/hr sifter 0.15 
joules of applied rainfaill energy. Therefore the equations can be 
orgamized in the form 
ENT065 - b^ - b^(clay) 
rate = r 
"i 
in order to estimate the amount of chemical mulch needed to give 
satisfactory protection against surface seal and soil loss. ENT065 
is selected as the dependent variable instead of ST015 because the 
ENT065 value represents more closely the point where the soil sur­
face becomes sealed said prevention of the surface seal is importsmt 
in the establishment of grasses along cut-slopes. If the 6.5 cm/hr 
infiltration capacity is maintsdned ST015 will also be low while the 
inverse may not hold. 
The percentage clay content of materials exposed in a cut-
slope can vary sis much sis 20 to 30 percent. The lowest clay 
materiail is probably the most valid for use in determining the 
amount of chemical mulch to apply since it erodes eaisiest. An 
average clay content over sill exposed materials may be a more 
economical choice since the higher clay materials would be "over-
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Figure 21. Full and loess model ENT065 prediction equations 
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Figure 22. Full and loess model ENTQôS prediction equations 
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plotted for rates 1, 2 and 3 of RAM 
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In many cases none of the chemicsd. mulches at the rates used in 
this study will fully stabilize soil materials lower than 25 per­
cent clay content against 0.15 joules rainfall energy. Therefore 
cin average clay content is used in designing an adequate stabili­
zation program. An example, is the Poweshiek County experiment 
located in the Tama-Muscatine soil association aurea. The surface 
soil, Tama, typically has am average of 30 percent clay in the 0 
to 2 m profile (Highlamd aoid Dideriksen, 1967). The clay content 
of the loess beneath this O to 2 m depth ranges from 20 to 25 per­
cent clay.^ The average clay content of the exposed loess material 
is approximately 25 percent. Using Figures 21-23, and the 25 per­
cent clay vaJLue, it is seen that rate 3 of all the chemicals is 
needed and that rate 3 of PAM is predicted to maintain a 6.5 cm/hr 
infiltration capacity after 0115 joules of rainfall energy. Ex­
posed Kansan till material will have approximately 30 percent clay 
(Highlamd and Dideriksen, 1967, and Table 2). Rate 3 of PVA 72-60 
and PAM axe predicted to successfully stabilize the Kansan till 
material.. Therefore 336 kg/ha of aull three chemicals wais used in 
the Poweshiek County experiment. 
These predictions can be compared to actual, soil losses ax 
the Poweshiek experiment. For purposes of compaurison, the PVA 
71-30 plot which received runoff water from upslope is ignored 
since it is recognized that the mulches will not function under 
^T. E. Fen ton. Personal, communication. 1973. 
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these conditions. The other treated axeas have little detectable 
soil loss which corresponds to the above prediction, since soil 
loss is for less than 0.15 joules of rainfall energy. 
Soil loss at the Ida County experiment is much greater but 
only the equivalent of rate 2 was applied to these cut-slopes. 
Rate 2 of PVA 71-30 is predicted to control surface sealing against 
0.07 joules of rainfall energy (Figure 21). If the project re­
ceived the average 0.15 joules of rainfall energy, it is expected 
soil erosion would not be completely controlled, but the treat­
ments should partially control soil loss. Soil loss is expected 
to be lower than the control even if the surface has sealed since 
intra-clod cohesive strength is increased with the chemical treat­
ment. ST015 results indicate even the low rate may control soil 
loss to 11.2 metric tons/ha but rate 2 of PVA 71-30 had approxi­
mately 50 metric tons/ha soil loss at the Ida County experiment. 
This, however, was mainly due to excess runoff water from upslope 
areas. 
Chemical treatments seem to stabilize the surface and protect 
it against splash erosion wdiich is the main factor in sheet erosion 
(Mihaxa, 1951, and Ekem, 1950). Sheet erosion is a major cause 
for the failure of roadside stabilization seedings, since the seed 
and fertilizer are eroded from the slope. The chemical stabilizers 




Two polyvinyl aJLcohol polymers and a polyacrylamide polymer 
were applied to subsoil clods for laboratory and field tests of 
their effectiveness in controlling surface seal, clod stability 
and soil erosion. 
The rain-simulator study showed all three polymers increased 
energy required to initiate runoff considerably over untreated 
clods. Differences between treatments were small, but the PAM 
treatment was in general superior to the PVA polymers for control­
ling surface seal and soil erosion. All three polymers required 
at least 30 percent clay for maximum effectiveness, but they were 
also effective on 25 and 50 percent clay clods. More chemical 
was needed for the 50 percent clay clods for maximum effectiveness 
since the polymer seemed to be deficient at the lower rates on 
these high clay clods. It was shown that 0.5 percent polymer by 
weight effectively stabilized the clods in this study. 
The wet-sieve experiment indicated a decrease in penetration 
for the PVA polymers at the more viscous 224 kg/ha rate when com­
pared to the 112 kg/ha rate. This was more pronounced for the 
long chained PVA 72-60 polymer. The PAM treatment seemed to 
penetrate the clods easier and showed no detectable viscosity 
i 
effect. The PVA 72-60 polymer appeaored to have the greatest 
tensile strength. Both PVA polymers had greater tensile strength 
them the PAM polymer. 






correlated, which indicated different physical processes were 
destroying the clods with these two laboratory techniques. 
The rainfall-simulator piaxameter, energy to 6.5 cm/hx in­
filtration capacity (ENT065), seems to reflect field response to 
the polymers in the limited field tests conducted in this study. 
A more detailed study over a wider range of subsoil materials is 
needed to justly evauLuate the ENT065 paurameter. The chemical treat­
ments do not control soil loss resulting from runoff water from ad­
jacent upslope fields. The polymers increase the intra-clod strength 
but not the inter-clod strength which is required for control of soil 
erosion from excess runoff water. 
Prediction equations were developed for the three polymers with 
rate and percentage clay as the independent vairiables and ENT065 as 
the dependent variable. The independent vairiables effectively ex­
plained up to 89 percent of the variation in the dependent vaariable 
ENT065. Energy to 6.5 cm/hr infiltration capacity was closely re­
lated to the energy required for a complete surface seal aind rep­
resents the average rain intensity in Iowa. These equations are 
developed for use in planning roadside stabilization programs which 
include the PVA or PAM polymers for soil erosion control. 
The polyvinyl alcohol aind polyacrylamide polymers show promise 
in this study for stabilization of cut-slopes along newly construc­
ted highways if runoff water from upslope areas can be diverted 
from the cut-slope areas. The chemical mulches controlled surface 
sealing and sheet erosion which are critical factors in the es­
tablishment of a roadside seeding. 
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APPENDIX A. œMPARISON OF ADAMS AND MOLDENHAUER-LONG 
(M-L) RAINFALL SIMULATORS . 
Treatment Soil 








at 0.15 joules energy^ 
M-L^ Adams M-L Adams M-L Adeans 
0 Leached loess 0.031 0.031 0.103 0.24 0.33 0.48 
212kg/ha 
PAM 
Leached loess 0.128 0.135 0.002 0.08 3.62 3.68 
212kg/ha 
MGS Leached loess 0.076 0.042 0.017 0.19 0.93 0.42 
0 Sharpsburg B 0.051 .0.038 0.008 0.21 0.85 0.72 
212kg/ha 
MGS Sharpsburg B 0.098 0.098 0.005 0.07 4.52 2.30 
212kg/ha 
PAM 
Sharpsburg B 0.21 0.161 0.0 0.02 6.3 8.03 
^in joules/cm^. 
b. / 2 in g/cm . 
c. 7, in cm/hr. 
^ased on 6.25 cm/hr rainfall intensity. 
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APPENDIX B. RAINFALL SIMULATOR VALUES ENTOR, ENT065, AND 
ST015 FOR LEACHED LŒSS, UNLEACHED LOESS, 
SHARPSBURG E, BELINDA B, KANSAN TILL AND 
GARY TILL SOIL MATERIALS 
120 
Identifications for Appendix B 
Soil 1 = Leached loess 
2 = Sharpsburg 
3 = Belinda 
4 = Kansan till 
5 = Gary till 
6 = Unleached loess 
Polymer 1 = PVA 71-30 
2 = PVA 72-60 
3 = PAN 
Rates 0 = Check 
1 = 112 kg/ha 
2 = 224 kg/ha 
3 = 336 kg/ha 
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RAINFALL-SIMULATOR 
Soil Rep Polymer Rate ENTOR ST015 ENT065 
1 1 0 - 0.027 26.4 0.034 
1 2 0 - 0.022 21.6 0.028 
1 1 1 1 0.044 10.7 0.072 
1 2 1 1 0.037 13.6 0.058 
1 1 1 2 0.041 12.5 0.072 
1 2 1 2 0.044 18.8 0.058 
1 1 1 3 0.072 5.0 0.103 
1 2 1 3 0.068 9.1 0.092 
1 1 2 1 0.040 19.3 0.069 
1 2 2 1 0.040 21.6 0.047 
1 1 2 2 0.052 11.4 0.072 
1 2 2 2 0.052 14.6 0.076 
1 1 2 3 0.076 8^1 0.126 
1 2 2 3 0.058 7.3 0.094 
1 1 3 1 0.042 8.8 0.095 
1 2 3 1 0.042 14.9 0.057 
1 1 3 2 0.061 5.9 0.133 
1 2 3 2 0.051 10.7 0.138 
1 1 3 3 0.087 5.1 0.119 
1 2 3 3 0.097 3.5 0.162 
1 1 4 1 0.035 20.2 0.042 
1 2 4 1 0.034 20.8 0.056 
1 1 4 2 0.040 18.2 0.043 
1 2 4 2 0.043 18.9 0.051 
1 1 4 3 0.043 13.1 0.079 
1 2 4 3 0.051 11.5 0.119 
2 1 0 - 0.034 22.7 0.040 
2 2 0 - 0.032 19.3 0.036 
2 1 1 1 0.061 5.6 0.123 
2 2 1 1 0.079 6.1 0.115 
2 1 1 2 0.072 10.1 0.099 
2 2 1 2 0.069 9.3 0.118 
2 1 1 3 0.084 8.4 0.103 
2 2 1 3 0.076 6.4 0.107 
2 1 2 1 0-072 7.0 0.126 
2 2 2 1 0.067 6.4 0.137 
2 1 2 2 0.091 2.1 0.160 
2 2 2 2 0.080 3.1 0.145 
2 1 2 3 0.109 2.4 0.126 
2 2 2 3 0.125 0.9 0.175 
2 1 3 1 0.103 4.1 0.142 




Soil Rep Polymer Rate ENTOR ST015 ENT065 
2 1 3 2 0.126 3.4 0.163 
2 2 3 2 0.110 2.3 0.160 
2 1 3 3 0.125 2.0 0.197 
2 2 3 3 0.125 1.2 0.168 
2 1 4 1 0.060 11.1 0.095 
2 2 4 1 0.075 7.3 0.126 
2 1 4 2 0.087 7.9 0.094 
2 2 4 2 0.079 6.9 0.112 
2 1 4 3 0.096 3.5 0.134 
2 2 4 3 0.085 5.9 0.123 
3 1 0 - 0.037 27.3 0.051 
3 2 0 - 0.037 19.0 0.051 
3 1 1 1 0.061 8.5 0.107 
3 2 1 1 0.069 7.3 0.110 
3 1 1 2 0.084 3.2 0.130 
3 2 1 2 0.088 5.5 0.141 
3 1 1 3 0.091 1.2 0.160 
3 2 • 1 3 0.099 1.9 0.149 
3 1 2 1 0.067 5.9 0.096 
3 2 2 1 0.067 7.5 0.113 
3 1 2 2 0.092 . 0.3 0.116 
3 2 2 2 0.131 3.6 0.166 
3 1 • 2 3 0.094 2.8 0.162 
3 2 2 3 0.109 1.3 0.160 
3 1 3 1 0.084 3.8 0.126 
3 2 3 1 0.084 3.5 0.164 
3 1 3 2 0-103 1.3 0.221 
3 2 3 2 0.156 0.0 0.229 
3 1 3 3 0.152 0.0 0.229 
3 2 3 3 0.163 0.0 0.229 
3 1 • 4 1 0.065 7.9 0.108 
3 2 4 1 0-069 9.7 0.076 
3 1 4 2 0.078. 6.6 0.102 
3 2 4 2 0.065 5.5 0.084 
3 1 4 3 0.080 6.4 0.088 
3 2 4 3 0.080 5.2 0.091 
4 1 0 — 0.032 29.3 0.036 
4 2 0 - 0.032 30.9 . 0.050 
4 1 1 1 0.050 14.8 0.099 
4 2 1 1 0.076 10.7 0.103 
4 1 1 2 0.080 8.5 0.133 











































Rep Polymer Rate ENTOR ST015 ENT065 
1 1 3 0.103 4,4 0.141 
2 1 3 0.101 3.6 0.134 
1 2 1 0-065 16.9 0.094 
2 2 1 0-065 13.0 0-097 
1 2 2 0.084 7.1 0.118 
2 2 2 0.087 7.4 0.115 
1 2 3 0.101 5.2 0.130 
2 2 3 0.098 6.1 0.107 
1 3 1 0.072 16.0 0.076 
2 3 1 0.061 19.5 0.065 
1 3 2 0.068 16.0 0.072 
2 3 2 0.065 17.2 0.069 
1 3 3 0.080 9.2 0.084 
2 3 3 0.068 8.9 0.076 
1 0 - 0.029 38.6 0.032 
2 0 - 0.023 38.1 0.046 
1 1 1 0.060 9.1 0.088 
2 1 1 0.064 7.3 0.084 
1 1 2 0.084 2.6 0.112 
2 1 2 0.080 3.0 0.118 
1 1 3 0.122 9.7 0.156 
2 1 3 0.103 3.4 0.145 
1 2 1 0.065 12.1 0.076 
2 2 1 0.065 14.2 0.076 
1 2 2 0.084 6.8 0.126 
2 2 2 0.084 7.5 0.107 
1 2 3 0.122 0.3 0.198 
2 2 3 0.122 0.2 0.179 
1 3 1 0.053 15.0 0.084 
2 3 1 0.061 7.9 0.094 
1 3 2 0.088 5.0 0.110 
2 3 2 0.095 5.6 0.118 
1 3 3 • 0.110 1.7 0.145 
2 3 3 0.112 0.8 0.150 
1 0 — 0.025 47.4 0.043 
2 0 - 0.026 48.7 0.038 
1 1 3 0.053 4.7 0.088 
2 1 3 0.061 5.7 0.083 
1 2 3 0.069 4.3 0.097 
2 2 3 0.068 4.8 0.089 
1 3 3 0.076 3.7 0.072 
2 3 3 0.069 4.6 0.097 
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APPENDIX C. DIRECT WET AND VACUUM WET SIEVE VALUES, 
NUMBER 4 AND NUMBER 10 SIEVES, FOR LEACHED 
LOESS, UNLEACHED LOESS, SHARPSBURG B, BELINDA 
B, KANSAN TILL AND GARY TILL SOIL MATERIALS 
125 
Identifications for Appendix C 
Soil 1 = Leached loess 
2 = Shaxpsburg 
3 = Belinda 
4 = Kanscin till 
5 = Gary till 
Polymer 1 = PVA 71-30 
2 = PVA 72-60 











_ ., _ _ , _ ^ Direct Direct Vacuum Vacuum 
Soil Rep Polymer R^te ^ lo «et 4 wet 10 
1 1 — — 0 0.7 2.5 10.8 
1 2 — — 0 0.4 0.3 6.4 
1 3 — — 0 1.0 3.5 13.4 
1 1 1 1 34.2 35.6 58.6 61.3 
1 2 1 1 39.7 41.5 64.2 67.0 
1 3 1 1 31.4 33.8 53.3 56.2 
1 1 1 2 42.0 43.0 60.2 62.3 
1 2 1 2 43.1 43.8 65.0 67.1 
1 3 1 2 30.8 33.2 68.9 80.6 
1 1 1 3 70.4 70.4 84.7 85.4 
1 2 1 3 66.3 66.7 87.5 88.9 
1 3 1 3 60.6 60.9 93.4 94.1 
1 1 2 1 68.2 69.3 73.0 74.0 
1 2 2 1 40.6 41.3 78.1 78.8 
1 3 2 1 47.0 48.1 65.4 67.3 
1 1 2 2 69.2 69.9 70.0 71.7 
1 2 2 2 48.6 49.3 74.3 75.7 
1 3 2 2 69.6 71.0 66.3 68.8 
1 1 2 3 65.0 65.0 89.0 91.5 
1 2 2 3 45.1 45.8 87.5 89.2 
1 3 2 3 39.3 39.9 84.8 86.1 
1 1 3 1 36.3 38.4 62.6 65.7 
1 2 3 1 33.1 35.2 57.6 61.2 
1 3 3 1 37.0 38.7 59.4 62.5 
1 1 3 2 45.6 47.0 77.4 78.5 
1 2 3 2 39.3 40.0 76.3 78.6 
1 3 3 2 32.9 33.9 . 80.0 82.1 
1 1 3 3 69.9 70.3 93.9 94.6 
1 2 3 3 71.5 72.1 97.2 97.6 
1 3 3 3 60.2 61.2 97.5 97.5 
2 1 0 — 4.5 19.3 22.4 51.6 
2 2 0 — 4.5 22.7 20.7 45.1 
2 3 0 — 9.7 24.4 25.6 55.5 
2 1 1 1 50.0 60.2 83.4 91.4 
2 2 1 1 44.4 58.4 90.8 95.2 
2 3 1 1 45.5 56.0 76.7 84.6 
2 1 1 2 37.1 45.4 80.0 88.7 
2 2 1 2 32.2 42.6 78.6 93.8 
2 3 1 2 37.2 46.9 73.1 83.2 
2 1 1 3 56.6 64.1 91.7 95.3 







































WET SIEVE (continued) 
Rep Poller Rate «-f ~ 
3 1 3 76.5 80.5 79.5 84.9 
1 2 1 53.6 59.5 90.6 94.8 
2 2 1 50.7 56.6 85.5 91.7 
3 2 1 40.1 50.7 87.9 91.9 
1 2 2 44.4 50.7 75.1 86.1 
2 2 2 36.6 44.6 79.1 91.4 
3 2 2 33.1 43.7 81.5 90.6 
1 2 3 50.7 56.8 90.9 94.7 
2 2 3 57.8 62.1 87.3 92.5 
3 2 3 54.9 59.9 90.0 95.0 
1 3 1 59.2 68.5 70.1 81.5 
2 3 1 49.7 59.7 89.1 91.4 
3 3 . 1 59.1 68.7 88.5 93.6 
1 3 2 62.0 70.8 83.7 89 ..2 
3. O 51.3 00.7 93.2 Vl.O 
3 3 2 57.8 66.9 98.2 91». 9 
1 3 3 64.1 70.7 94.8 98.1 
2 3 3 71.9 79.4 93.2 96.3 
3 3 3 74.8 80.0 93.1 93.5 
1 0 — 0.4 9.9 1.4 24.7 
2 0 — 0.0 10.5 2.4 25.9 
3 0 — 0.0 Ô.6 1.6 22.6 
1 1 1 50.2 58.9 54.8 68.3 
2 1 1 38.9 50.3 59.1 71.S 
3 1 1 40.2 52.8 65.0 75.2 
1 1 2 31.6 37.2 56.5 67.0 
2 1 2 38.4 46.9 57.4 69.6 
3 1 2 35.3 43.8 43.2 54.2 
1 1 3 45.9 51.6 63.3 68.9 
2 1 3 49.0 55.5 60.6 68.0 
3 1 3 42.6 52.6 54.8 64.0 
1 2 1 37.3 50.0 60.3 72.2 
2 2 1 34.3 44.2 54.7 66.6 
3 2 1 38.5 46.7 43.6 59.5 
1 2 2 27.9 34.9 47.0 63.8 
2 2 2 37.0 43.1 55.1 64.6 
3 2 2 37.8 42.6 44.5 53.6 
1 2 3 36.0 41.5 64.5 74.4 
2 2 3 42.6 48.3 65.2 77.8 
3 . 2 3 40.1 44.9 48.6 57.1 
1 3 1 35.5 57.2 57.0 72.8 












































WET SIEVE (foil I inued) 








3 3 1 25.6 47.6 69.3 88.1 
1 3 2 35.5 52.8 55.2 69.4 
2 3 2 28.5 50.0 77.3 84.6 
3 3 2 32.1 50.7 50.4 71.1 
1 3 3 47.5 64.7 62.9 79.2 
2 3 3 39.9 55.1 79.5 88.5 
3 3 3 48.8 65.5 73.1 86.2 
1 0 - 0.0 10.3 20.6 43.2 
2 0 - 1.8 13.1 26.4 49.0 
3 0 - 0.4 12.1 30.5 55.9 
1 1 1 41.6 47.4 76.4 83.2 
2 1 1 49.0 53.5 74.2 79.2 
3 1 1 64.1 67.5 81.6 84.0 
1 1 2 50.5 53.1 78.0 83.1 
2 • 1 2 57.4 59.1 «4.1 88. 'J 
3 1 64.5 60.2 77.() 
1 1 3 68.5 70.9 93.5 95.1 
2 1 3 61.2 62.5 93.4 94.8 
3 1 3 85.9 86.6 95.2 96.6 
1 2 1 50.4 54.6 80.7 84.1 
2 2 1 47.7 51.3 79.5 83.2 
3 2 1 59.7 62.8 80.5 82.9 
1 2 2 66.0 69.4 84.7 86.6 
2 2 2 80.6. 82.2 89.1 92.6 
3 2 2 54.5 57.5 85.7 88.8 
1 2 3 78.0 78.7 96.4 96.7 
2 2 3 77.7 79.0 90.6 90.6 
3 2 3 79.2 80.7 97.7 98.0 
1 3 1 52.5 57.0 76.2 80.5 
2 3 1 47.2 52.8 75.0 79.9 
3 3 1 38.7 45.5 73.1 76.7 
1 3 2 66.6 69.2 85.3 89.3 
2 3 2 65.3 67.4 89.0 91.4 
3 3 2 88.9 90.0 87.0 se.7 
1 3 3 75.9 76.9 96.6 97.3 
2 3 3 85.8 86.8 96.7 97.0 
3 3 3 78.5 79.9 98.5 98.9 
1 0 - 0.6 4.1 7.4 16.5 
2 0 - 0.0 3.9 0.9 12.5 
3 0 - 2.2 6.6 1.6 13.4 
1 1 1 54.8 62.2 78.4 85.5 
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WET SIEVE (continued) 








5 2 1 1 56.4 63.2 86.4 91.9 
5 3 1 1 68.6 73.6 85.8 91.3 
5 1 1 2 57.3 60.9 89.5 93.0 
5 2 1 2 57.5 66.5 91.9 93.8 
5 3 1 2 62.2 69.4 77.4 84.0 
5 1 1 3 76.8 79.1 88.4 90.8 
5 2 1 3 79.5 82.8 91.2 93.5 
5 3 1 3 72.7 75.6 88.3 91.4 
5 1 2 1 65.9 70.9 92.9 94.5 
5 2 2 1 65.8 69.1 95.4 97.2 
5 3 2 1 62.4 67.7 92.3 94.3 
5 1 2 2 59.4 64.8 93.1 95.5 
5 2 2 2 58.6 63.4 96.9 98.3 
5 3 2 2 74.1 76.3 87.S 92.5 
5 1 2 3 71.3 76.1 96.0 98.0 
5 2 2 3 83.9 86.6 94.9 95.9 
5 3 2 3 86.5 88.2 89.0 93.3 
5 1 3 1 49.2 59.8 96.5 97.5 
5 2 3 1 56.6 65.5 87.1 90.9 
5 3 3 1 53.2 63.7 93.1 94.8 
5 1 3 2 78.8 81.6 90.2 92.0 
5 2 3 2 78.6 81.3 94.6 95.3 
5 3 3 2 84.7 86.1 87.1 90.1 
5 1 3 3 78.7 . 81.9 98.6 98.9 
5 2 3 3 96.0 96.6 97.7 99.9 
5 3 3 3 83.7 86.5 98.9 99.3 
6 1 0 — 0.0 0.0 0.0 0.0 
6 2 0 — 0.3 0.7 , 0.0 0.7 
6 3 0 - 0.0 0.0 0.0 0.0 
5 1 1 1 40.0 41.4 57.5 57.5 
6 2 1 1 30.3 32.2 57.7 60.0 
6 3 1 1 31.2 31.5 43.5 43.9 
6 1 1 2 38.4 38.7 48.0 48.6 
6 2 1 2 34.1 34.8 45.2 46.1 
6 3 1 2 36.2 36.9 43.4 43.8 
6 1 1 3 49.7 50.0 58.5 58.5 
6 2 1 3 50.8 50.8 57.9 58.2 
6 3 1 3 42.0 42.0 53.5 54.2 
6 1 2 1 36.7 38.1 37.3 38.7 
6 2 2 1 33.7 34.7 35.6 36.3 
6 3 2 1 24.7 24.7 39.2 40.1 
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WET SIEVE (continued) 
Soil Rep Polymer Rate ^acu^ Vacuum 
wet 4 wet 10 wet 4 wet 10 
6 1 2 o 45.7 45.7 45.7 46.1 
6 2 2 2 35.4 35.8 37.0 38.3 
6 3 2 2 46.2 46.5 49.4 50.3 
6 1 2 3 44.2 44.2 56.3 56.9 
6 2 2 3 40.5 40.5 56.3 56.3 
6 3 2 3 39.9 40.3 55.4 55.7 
6 1 3 1 21.0 23.3 29.7 30.7 
6 2 3 1 29.5 33.4 23.5 25.3 
6 3 3 1 20.7 24.1 34.0 36.6 
6 1 3 2 43.3 43.6 42.3 43.2 
6 2 3 2 41.1 41.9 55.4 56.1 
6 3 3 2 31.8 32.1 54.6 55.7 
6 1 3 3 49.5 49.8 67.7 68.0 
6 2 3 3 55.9 55.9 72.1 72.5 
6 3 3 3 54.2 54.5 76.8 77.2 
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APPENDIX D. CALCULATION OF RAINFALL ENERGY BETWEEN 
SEEDING AND EFFECTIVE GRASS COVER ALONG 
ROADSIDES 
132 
CaJLculations axe based on the relationship R = El/lOO where 
R is rainfall factor, E is total energy per yeax in foot tons/ac 
and I is average maximum 30 minute intensity (Wischmeier and Smith, 
1965). The average 30 minute intensity for a 2 yeax return period 
was taken to be 2 in/hr (U.S. Weather Bureau Tech Paper 25, 1955, 
p. 15). aoid the rainfall factor was averaged at 170 for the vAiole 
state of Iowa (Wischmeier and Smith, 1965). Using a conversion 
factor of 3.64 x 10~^ joules/cm^ for one foot ton/ac the rain energy 
was calculated as follows: 
170 = (3.64 X 10~^ joules/cm^) (2 in/hr) E 
X 
E = (8500)(3.64 x lO"^) 
2 
= 0.30 Joules/cm 
2 The 0.30 joule/cm value is for the entire yeax. This is divided 
in half to represent the energy for both the spring and fall seedings. 
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APPENDIX E. ANALYSIS OF VARIANCES, REGRESSION COEFFICIENTS, 
AND STATISTICS FOR PREDICTION EQUATIONS OF THE 
DEPENDENT VARIABLE ENT065 FOR THE FULL AND 














DP Sum of Squares Mean Square F Value Prob > F R-Square C.V. 
2 0.0054 0.0027 6.53 0.012 0.52 18.13% 
12 0.0049 0.0004 


















































DF Sum of Squares Mean Square. F Value Prob > F R-Square C.V. 
2 0.0107 0.0053 8.95 0.004 0.60 20.39% 
12 0.0071 0.0006 
14 0.0178 Std Dev ENT065 Mean 
0.0244 0.120 
DF Sequential SS F Value Prob > F Partial SS F Value Prob > F 
1 0.0069 11.62 0.005 0.0069 11.62 0.005 
1 0.0037 6.27 0.0026 0.0037 6.27 0.026 
W 
In 
B Values T for H0;B=0 Prob > ITI Std Err B Std B Values 
0.0042 0.14 0.887 0.0301 0.0 
0.0263 3.41 0.005 0.0077 0.6235 








































B Values T for HO:B=0 Prob > ITI Std Err B Std B Values 
-0.0699 -2.05 0.060 0.0341 0.0 
0.0263 3.01 0.010 0.0087 0.4292 







































































4.70 0.059 0.61 21.73% 


















































DF Sum of Squares Mean Square F Value Prob > F R-Square C.V. 
2 0,0163 0.0082 24.67 0.002 0.89 11.44% 
6 G.0020 O.0003 










































Std B Values 
0.0 
0.5881 
0.7387 
